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Abstract

A search for a heavy neutral lepton (HNL) of Majorana nature is performed using data col-
lected by the ATLAS detector at /s = 13 TeV which corresponds to an integrated luminosity
of 79.8 fb™!. The properties of the HNL are described in the ¥MSM which presents a possible
extension of the Standard Model. The search is conducted in the prompt W* — p*puteFu,
channel for which the mixing angle V,,x is probed, where V,n is the matrix element describing
the mixing between the Standard Model neutrino of flavor p and the heavy neutral lepton V.
In order to accurately estimate the background processes which contain fake or non-prompt
leptons, the data-driven technique called the fake factor method is applied. The estimated
background is compared to data in control regions which proves to be consistent. The sensi-
tivity of the search is estimated for five mass points of the heavy neutral lepton, My =5, 10,
20, 30 and 50 GeV. For the largest mass points, the expected sensitivity of the search is well
below the current state-of-the-art limits set by the CMS and DELPHI experiments.
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1 Introduction

The Standard Model (SM) [1] of particle physics has proved successful in describing many phe-
nomena, however several observations within particle physics, astrophysics and cosmology remain
unexplained. Three of the confirmed beyond the SM (BSM) mysteries are: the nature of dark
matter; the masses of the neutrinos and their small size; and the baryon asymmetry of the uni-
verse. Many theories have been suggested with possible extensions of the SM among which is the
Neutrino Minimal Standard Model (vMSM) [2-4]. By adding three heavy right-handed Majorana
neutrinos to the SM, heavy neutral leptons (HNL), the model can explain all the confirmed BSM
phenomena without introducing new energy scales. In the vMSM, the very small neutrino masses
are described via the see-saw mechanism, a dark-matter candidate is provided by the lightest of
the three HNLs, and the baryon asymmetry in the universe is explained given the two additional
HNLs are mass-degenerate. The requirements imposed by the experimental observations are used
as bounds for the model parameters and thereby defines where the HNLs can be found|5].

The right-handed neutrinos are produced through mixing with the SM neutrinos for which the
coupling is governed by the mixing angle V;y, where [ is the flavor of the SM neutrino and N is
the right-handed neutrino. This is a rare process so it is crucial to both have a lot of data and
an efficient signal selection. Previously, limits on the ¥MSM parameters have been set by ete™
collider experiments as the Large Electron-Positron Collider (LEP) at CERN and fixed-target ex-
periments [6]. Due to the increasing luminosity at the LHC and its high intensity collisions, it
provides great conditions to further probe the parameter space of the YMSM. Depending on the
mass of the HNLs and their coupling to the SM neutrinos, they can travel some distance in the
detector before decaying or have a prompt decay after production.

In this thesis, a search for HNLs is performed using the ATLAS detector at the CERN LHC [7].
The data is collected in 2015-2017 at a centre-of-mass energy of /s and corresponds to an inte-
grated luminosity of 79.8 fb~1. The HNL mass is restricted to be below the mass of the W-boson
so the very high rate of W-boson production at the LHC is exploited. The search is conducted in
the prompt W+ — p*u*e¥v, channel for which the mixing angle Vyun is probed. This channel
exploits the Majorana property of the right-handed neutrinos which makes it possible to conduct
the trilepton search in a final state with no opposite-sign same-flavor lepton pairs.

Due to the rare topology of the considered HNL final state, very few background processes mimic
the signal. This makes the ability to accurately estimate background processes involving fake or
non-prompt leptons crucial for the sensitivity of the search. A data-driven analysis is used to de-
termine the fake background in the analysis using the so-called fake factor method. The stability
of the data-driven model is checked in regions which are similar but independent to the signal
region and subsequently applied in the signal region where the expected discovery significance for
the signal samples is determined.

The thesis is organized as follows. In Sec. the SM is briefly presented and the properties
of the YMSM are examined. The parameter restrictions which are relevant for the scope of the
analysis are presented. Section [3] focuses on the signal channel, the related cross section and the
implementation of the right-handed neutrino in the SM process. The considered HNL masses and
their respective decay length and mixing angle with the SM neutrino are listed. In Sec. the
LHC and the ATLAS detector are introduced. The applied data and MC samples are presented
in Sec. Section [0] presents the basic concepts for defining the analysis procedure. The selection
requirements, which are applied in the search for prompt HNL signal events, are defined in Sec. [7]
The optimal requirements for the signal region are chosen by maximizing the expected discovery
significance. Section [§] is devoted to the background estimation method. The data-driven model
is developed and control regions are defined which are used to check the stability of the model.
Section [J] focuses on the systematic uncertainties related to the applied fake factor method. Fi-
nally, the background estimation model is used in the signal region in Sec. and the expected
sensitivity to the mixing angle is presented.



2 Theory

The existence of right-handed neutrinos is predicted by the ¥MSM which introduces three heavy
right-handed Majorana neutrinos. In order for the theory to explain observed BSM phenomena,
the right-handed neutrinos must have a mass below the electroweak scale [4] which means that
they can produced at the LHC at some rate. The search for sterile neutrinos in data collected by
experiments at the LHC is thus strongly motivated by theorists.

In this section, a brief introduction to the theory behind the vMSM is presented. First, I am
giving an overview of the SM. Thereafter, the ¥MSM is examined focusing on the neutrino mass
term and the see-saw mechanism. Finally, the restrictions on the free parameters of the vMSM,
which are set by observations of BSM phenomena, are studied.

2.1 The Standard Model

The SM is an incredibly successful theory of the fundamental constituents of the universe: the
elementary particles and their interactions [1]. It is formulated as a renormalizable Quantum
Field Theory (QFT) which is based on the SU(3) x SU(2) x U(1) gauge group. In the SM,
twelve fundamental particles called fermions are responsible for the matter content of the universe.
The fermions interact through four fundamental forces: the electromagnetic (EM) force described
by Quantum Electrodynamics (QED); the strong force described by Quantum Chromodynamics
(QCD); the weak force described by the Electroweak theory; and gravity which is responsible for
large scale dynamics. The three forces which are relevant for particle physics (strong, EM, and
weak) are all described by a QFT and correspond to the exchange of a spin-1 gauge boson which
is the force-carrying particle. The final element of the SM is the Higgs boson which was discovered
by the ATLAS and CMS experiments at the LHC in 2012 [8] [9]. Unlike the other particles, the
Higgs boson is a spin-0 scalar particle. In the SM, it is responsible for the mechanism through
which all the other particles acquire mass.

The fermions in the SM are divided into two categories: leptons and quarks. In Tab. [I} properties
of the twelve fermions are listed. Each fermion has an anti-particle with an equal but opposite
charge and they are all spin-1/2 particles. In the table, it is also listed which forces affect each
fermion. The strong force interacts only with quarks which have colour quantum numbers, the EM
force interacts with all charged particles, and the weak force interacts with all fermions. When
the SM was formulated in the 1960’s, neutrinos were thought to be massless and lepton numbers
conserved. In the SM, they are the only particles described by just left-handed Weyl spinors. The
mass terms for quarks and charged leptons are generated by their Yukawa coupling to the Higgs
field for which both a left-handed and right-handed fermion field is necessary. Through observa-
tions of neutrino oscillations [10] it was found that neutrinos have a small but non-zero charge.
The complications of the observed neutrino masses and further BSM phenomena will be discussed
in the next section.

In Tab. the four fundamental forces and their properties are listed. Gravity is included for
consistency even though gravity can not be included in a renormalizable QFT yet [12]. At small
scales, the strong force is dominating for quarks. Due to the strong force, quarks or gluons are
never observed as free particles but confined to bound states called hadrons. The EM interactions
are mediated by the exchange of virtual photons, and the weak charged-current and neutral-current
interactions by the W and Z-bosons respectively.

2.2 The Neutrino Minimal Standard Model

With the observation of neutrino masses and lepton flavour violation in neutrino experiments [10],
it is clear that the SM is not a complete theory. Also the existence of dark matter and dark en-
ergy and the observed baryon asymmetry in the universe are observed phenomena within particle
physics, astrophysics and cosmology which the SM is not able to explain [4]. By extending the SM



Generation Particle Charge Mass/MeV  Interactions
Leptons
First Electron: e™ -1 0.5109 EM, Weak
Neutrino: ve 0 <2-107° Weak
Second Muon: p~ -1 105.66 EM, Weak
Neutrino: v, 0 <2-107° Weak
Third Tau: 7~ -1 1776.86 EM, Weak
Neutrino: v, 0 <2-107° Weak
Quarks
First Down: d -1/3 4.7 Strong, EM, Weak
Up: u +2/3 2.2 Strong, EM, Weak
Second Strange: d -1/3 96 Strong, EM, Weak
Charm: ¢ +2/3 1.28-10° Strong, EM, Weak
Third Bottom: b -1/3 4.18-10% Strong, EM, Weak
Top: t +2/3 173.1-10% Strong, EM, Weak

Table 1: The twelve fermions in the SM which are the known elementary particles [1]. All fermions
have spin 1/2. The possible interactions of each particle are governed by the forces experienced by
the particle. The listed values are taken from the PDG [11].

Force Strength Boson Spin Mass/GeV
Strong 1 Gluon: g 1 0
Electromagnetism 1073 Photon: ~ 1 0
W-boson: W+ 1 80.39
-8
Weak 10 Z-boson: Z 1 91.19
Gravity 10737 Graviton?: G 2 0

Table 2: The four known forces of nature: strong, electromagnetic, weak, and gravity. The role of the
force carrier for gravity, popularly referred to as gravitons, is not well known. Relative strengths of
the forces are listed which are approximate values for two fundamental particles which are separated
1 fm=10"1% m [1]. The listed masses are taken from the PDG [11].

with three gauge-singlet neutrinos with masses smaller than the electroweak scale, it is possible to
achieve a theory which can theoretically predict the observed BSM phenomena [13]. These neu-
trinos are referred to as being singlet or sterile since they have zero strong, EM and weak charges
and thus do not interact with the gauge bosons listed in Tab. [2l In order to theoretically describe
the measurements of the neutrino oscillations, it is not sufficient to just generate a mass term
for neutrinos; the model also has to account for the extremely small size of the neutrino masses.
Therefore, it is necessary for the introduced right-handed neutrinos to have Majorana properties
and thereby allow for a see-saw mechanism to explain the size of the neutrino mass.

The considered theory is called the vYMSM as mentioned above. It is a strongly motivated and
popular theory due to its clear applicability to describe neutrino flavour oscillations, the simplicity
of the SM extension, and its ability to explain the observed BSM phenomena without introducing
new energy scales [4]. As mentioned above, the active neutrinos in the SM are described by left-
handed Weyl spinors which do not have an associated mass term. They are referred to as active
since they interact through the weak force in contrast to the right-handed neutrinos which are
sterile. When extending the SM with right-handed neutrino fields, mass terms are generated. The
foundation of the ¥MSM is studied in the next section where focus will be on the different fermion
fields which are solutions to the Dirac equation and the way mass terms are generated.

2.2.1 Dirac, Weyl and Majorana fermions

In order to describe the effect of extending the SM with right-handed neutrinos, some of the basic
properties of the SM are first presented. The SM is a relativistic formulation of quantum mechanics



for which the Dirac equation is used to describe the fundamental fermions [12]. The Dirac equation
is defined as:

(iv* 0y — m)¥ = 0, (2.1)

for which Einstein notation is used to indicate a sum over the four indices of . The solution to
the Dirac equation can be expressed as both a Dirac, Weyl and Majorana field. A Dirac field is
the unconstrained solution to the Dirac equation which is represented by a four-component spinor
whereas both Weyl and Majorana fermions are simpler solutions. The Weyl field is massless and
the Majorana field does not change under charge conjugation so Majorana particles are their own
anti-particles. In the SM, the massive leptons and all quarks are represented by Dirac fields whereas
the massless neutrinos are represented by Weyl fields. No Majorana fields are a part of the SM
since it would break the gauge invariance of the SM. In the following, I will refer to a Dirac field
using ¥, a Weyl field using ¢, and a Majorana field using x. The dynamics of the fermion fields
are governed by the Lagrangian density which for Dirac fields is, [12]

Lp =i0y"9,¥ —mIV, (2.2)

where the first term and second term represent the kinetic and potential energy density of the field
respectively. The field U refers to the Dirac adjoint of the field defined as: ¥ = Wi~Y. The variable
m is the mass of the massive fermion field which is a function of the field’s Yukawa coupling to
the Higgs field and the vacuum expectation value of the Higgs field [12]. For Weyl and Majorana
fields, the Lagrangian can be simplified. First I will focus on the properties of the Weyl field.
Weyl fermions are massless particles described by a two-component spinor. The Dirac field can be
expressed in terms of two Weyl fiels:

V=P,V + PRV =91 + ¢r, (2.3)

where P;, and Pgr are left- and right-handed chiral projection operators and ;, and g are left-
and right-handed Weyl fields. Writing the Dirac Lagrangian in terms of the two Weyl fields yield:

Lp =i y"0u0r + ivpy 0,0 — m(VRYL + YLUR),

which shows that the Dirac Lagrangian can be written using just one Weyl field alone describing
a massless Weyl fermion with two degrees of freedom. In the SM, the neutrino is described as a
two-component Weyl fermion which violates parity but preserves Lorentz invariance [12]. When
introducing a right-handed neutrino field, the Dirac Lagrangian above is splitted into a part in
agreement with the SM and a part which is BSM:

Lo.sm =iy 0uvr, (2.4)
Lo.ssm = Wpy"0utbr — m(UrYL + YLYR), (2.5)

which shows that a right-handed field is necessary in order to generate the Dirac mass term via
the Yukawa interaction. The sum of the SM and BSM equations above is identical to the kinetic
and potential Lagrangian terms for any of the other massive fermions in the SM when the Dirac
spinor is expanded into left- and right-handed components. This is not sufficient to explain why
the mass of the SM neutrinos is smaller than 2 eV whereas the mass of the electron is 511 keV as
comparison. In order to explain the smallness, it is necessary to introduce Majorana properties for
the right-handed neutrino. This is possible since the right-handed neutrinos transform as singlets
under the SM gauge transformations so any term including only right-handed neutrinos can be
introduced without breaking the gauge invariance of the SM. A Majorana fermion is a fermion
which is its own anti-particle: [12]

x = x5 (2.6)

for which x is used to describe the Majorana field and x° is the charge conjugate of the field cor-
responding to the anti-particle of y. The Majorana mass term in the Lagrangian can be expressed
as:

1 _
L, BsM = —imR(XCX + Xx©)- (2.7)



Now, three extra BSM terms are to be introduced in the SM for the ¥MSM: a kinematic term
for the right-handed neutrinos; a Dirac mass term using the Yukawa interaction of the SM active
neutrinos and the BSM sterile neutrinos; and finally a Majorana mass term for the BSM sterile
neutrinos. In the simplified case with only one active neutrino denoted 1, and one sterile neutrino
denoted x, the BSM Lagrangian density is:

o _ - 1 . _ .
LyBsm = ixY"0ux — mp(X¥rL + VLX) — §mR(xCx +Xx°) (2.8)

In the next section, the general expression is examined for which more than one sterile fermion
field is introduced. Furthermore, the principles behind the see-saw mechanism will be presented.

2.2.2 The see-saw mechanism

In the previous section, it was shown that a mass term for the neutrino field can be generated by
introducing a right-handed neutrino field with Majorana properties. Now, a more general form of
the BSM part of the Lagrangian density is studied. When introducing A right-handed neutrinos,
the Lagrangian has the form: [4]

L=Lsn+ iN[@H’YMN[ — ()\a[l_/aNIfI — %NICN[ + h.C.) , (2.9)
where the applied variables represent:
N; : Right-handed neutrino singlet field.
I :  Index over the number of right-handed neutrinos: I =1,..,N.
L, : Left-handed leptonic SU(2) doublet.
« :  Index used to label the active lepton generation o = e, u, 7.
Aol ¢ Yukawa coupling between the active neutrino in generation «
and the I'th right-handed neutrino.
H . Higgs field represented by a SU(2) doublet.
M; : Majorana mass for the I'th right-handed neutrino.
h.c. : Hermitian conjugate of the terms.

Due to the non-zero vacuum expectation value of the Higgs boson, the Dirac masses Mp are defined
by the Yukawa coupling and (H). In the case where three right-handed neutrinos are added to the
SM, a 6x6 mass matrix for neutrinos is present in the Lagrangian. It represents 3 masses for the
active SM neutrinos in the three generations e, u, and 7 and 3 masses for the new right-handed
neutrinos. The generated Majorana/Dirac mass terms in Eq. can be written as: |10]

1 — 0 MEL v

_Z (77 ¢ D L
5 (vr vg) (MD M ) <VR> + h.c., (2.10)
where Mp is a 3x3 matrix of the Dirac masses and M a 3x3 matrix of the Majorana masses for
the right-handed neutrinos. By diagonalizing the mass matrix, the physical state of the system can
be found. In the limit where the Majorana masses M is much larger than the Dirac masses Mp,

the see-saw mechanism gives rise to 3 almost pure right-handed neutrinos with heavy Majorana
masses: [5]

mP ~ My, (2.11)
and to 3 almost pure left-handed neutrinos with light Majorana masses
mb = —MEM~ M. (2.12)

The SM neutrino masses are thereby suppressed by the factor M~! which explains the smallness of
the observed neutrino masses. In order to theoretically describe the observed neutrino oscillations,
it can be sufficient to introduce two right-handed neutrinos to the SM. But in order to also have a
dark matter candidate among the sterile neutrinos, it is necessary to introduce three right-handed
neutrinos [4]. Furthermore, if three right-handed neutrinos are introduced, the neutrino sector
follows the symmetry seen for the charged leptons and quarks where every left lepton or quark
has a right counterpart. When introducing three right-handed neutrinos, 18 free parameters arise:
3 Majorana masses, 3 Dirac masses, 6 mixing angles between sterile and active neutrinos and 6
CP-violating phases [4]. These free parameters are examined in the next section.



2.2.3 The vMSM parameters

The vMSM is defined as the extension of the SM with three sterile Majorana neutrinos represented
by right-handed Weyl fields for which the 18 free parameters are tuned to explain all confirmed
BSM phenomena. The model is thereby required to e.g. provide a mechanism which can gener-
ate the observed baryon asymmetry in the universe and provide a dark matter candidate. The
observed neutrino oscillations also set limits for the possible mixing angles between the active neu-
trinos and sterile neutrinos based on the observed mixing angles for the active neutrinos [10]. All
these constraints on the model are examined in [4]. Here it is shown that the ¥MSM indeed has
the potential to explain all the observed BSM phenomena. In this section, I will briefly present
some of the restrictions set on the parameters of the model, which are relevant for this analysis,
based on the findings in [4].

The three sterile neutrinos are labeled N1, Na, and N3. As mentioned above, the YMSM should
provide a dark matter candidate. The lightest sterile neutrino, referred to as N7, which has an ex-
tremely weak coupling to the active neutrinos, is selected as the ”dark matter sterile neutrino”. The
estimated restriction on its lifetime is that it exceeds 10?4 s which is six orders of magnitude longer
than the age of the universe. Due to the extremely weak coupling between the SM neutrinos and
N7y, it is not directly relevant for the analysis presented in this thesis which will focus on Ny and Nj.

The restrictions on the mass of the two additional sterile neutrinos is set by the required baryon
asymmetry generation: Ny and N3 should have a mass in the range 150 MeVS Mj 3 < 100 GeV
and be degenerate: AMjy 3 < My 3. Furthermore, the lifetime of the neutrinos should be 7 < 0.1 s.
This restriction is set in order to not affect the predictions of big bang nucleosynthesis.

The sterile neutrinos can only be indirectly observed through its coupling to the active neutri-
nos. Therefore, the potential to discover sterile neutrinos is very dependent on the strength of the
coupling between the active neutrinos and the new sterile neutrinos. The mixing is characterized
by the coupling strength: V,,;, where a = e, p, 7 again represents the generation of the active neu-
trino and I the sterile neutrino index. In Ref. [14], the strength of the Yukawa coupling between
the active and sterile neutrinos is examined. It is found that the couplings of No and N3 with the
active neutrinos must be almost identical:

Vag ~ Vag. (213)

Furthermore, it is found that the coupling V,,; highly depends on the mass hierarchy of the active
neutrinos which is still unknown. For different scenarios, the sterile neutrino can have a stronger
coupling to the e, i or T generation of the active neutrinos. In this analysis, the coupling between
the sterile neutrinos No 3 and v, is considered. In the next section, the production mechanism and
experimental signature for the sterile neutrinos Ny 5 will be examined. Since the coupling between
the two sterile neutrinos No and N3 and the the active neutrinos v, are expected to be of the same
size, the coupling strength will be referred to as V.



3 Sterile neutrino production and cross section

When searching for sterile neutrinos, the search is conducted in a decay channel of the sterile
neutrino. In this analysis, the coupling between the sterile neutrino and the SM neutrino v, is in-
vestigated. The two sterile neutrinos in the vYMSM which were denoted N5 and N3 in the previous
section are considered. They will also be referred to as Heavy Neutral Leptons (HNL). Due to their
probably degenerate mass and coupling strength to the active neutrinos, the two probed sterile
neutrinos will be referred to as one and called a HNL or simply N. The coupling strength between
the HNL and the active muon neutrino is labeled V,,; and is used to determine the production
rate for the sterile neutrino channel. The coupling strength is also referred to as the mixing angle.
In this section, the signal channel which is considered in this analysis is first presented. Thereafter,
the cross section for the signal region channel is examined. And finally, the considered mixing
angles and sterile neutrino masses are presented.

Figure [1] shows the Feynman diagram of the signal channel used in this analysis. The Hermi-
tian conjugate to this channel is also contributing to the considered SR so the following two final
states are included: W+ — pu*pu*eFr,. The SM neutrino, which will mix into the sterile neutrino,
is created through its coupling to an on-shell W-boson which is a gauge boson of the weak force:
W+ — pty,. The SM neutrino mix with a sterile neutrino which due to its Majorana properties
can mix back into the anti-particle to v, with opposite lepton number denoted 7,,. Thereafter, the
SM neutrino decays through a weak interaction: v, — ptW*~ — pte v,.

W+

+ Ve

1%

Figure 1: The Feynman diagram for the signal region channel considered in this analysis. Also the
Hermitian conjugate of this channel contribute to the signal. The figure is from [15]

The total cross section for the signal region channel is denoted o(pp — p*pu*eFv,), where pp refers
to the two colliding protons. In the following, I will refer to the more general final state channel:
Wt — lflfjlgl/ﬁ with o # 3, for which @ = p and § = e in this analysis. The cross section can
be expressed as:

o(pp — li:lflgl/g) =o(pp — W*) - Br(W* - [EN) - Br(N — l(fl;fz/,g), a # B, (3.1)

where the two branching ratios rely on the predictions by the ¥MSM and are thereby not known.
In order to evaluate the branching ratio leading to the BSM sterile neutrino production, the two
free parameters describing the HNL mass point, My, and the mixing angle, V,, are applied: [16]

2\ 2 2
Br(W* = IEN) =Br(W* = IFv,) - [Van]? - ( - MN> (1 41 Mf;) . (3.2)
w 2‘]\4{/1/

The branching ratio for the HNL decay is a function of the partial decay width of the process and
the total decay width of the HNL:
(N — lil;ﬁ/ﬁ)

Br(N — lfl;uﬁ) = T 5

(3.3)



where the total decay width I' is the sum of all the HNL partial decay widths,

F:ZFi(MN,\VMNF). (3.4)

In order to determine the branching ratio of the HNL decay, it is thereby necessary to calculate
all partial decay widths for the HNL in their dependence to My and |V, |?. This is done for the
partial decay widths for both the charged-current and neutral-current weak interactions in [17].
Given both the branching ratio for the HNL production and the HNL decay in Eq. and
respectively, the cross section in Eq. [3.1] is determined as a function of the two free parameters
MN and ‘VQN|2.

The relationship between the three variables: My, |Von|? and er is now described. The proper
decay length c7 is an important variable for the search of HNLs since it determines the displace-
ment of the HNL vertex from the hard scattering event and thereby has a major impact on how
the analysis is performed. The proper decay length is connected to the total decay width for the
HNL:
ch

T =, (3.5)
where the total decay decay width can be determined as a function of the variables My and |V |?
as described above. For given My and c¢7r one can therefore determine the mixing angle corre-
spondingly. And given My and |V, x|?, the cross section can be calculated using the expressions
in Eq. and The total number of predicted signal events is finally given by the product
between the cross section, o(pp — uFu*eFu,), scaled by the integrated luminosity:

Nevents = o(pp = pFpFeTv,) /Edt. (3.6)
In this analysis, the dataset corresponds to an integrated luminosity of 79.8 fb~1.

3.1 Signal samples

In this analysis, a prompt trilepton search for HNL signals is conducted. Five signal samples are
used to investigate possible sterile neutrino signatures in the ATLAS detector. The assumption
that the signal signature is prompt requires that the decay length of the HNL is small. A ded-
icated search for HNLs with small mass and long decay length is conducted by another analysis
group within the ATLAS Collaboration which uses displaced vertices to probe the signal [1§]. The
properties of the applied samples are first presented.

The considered HNL masses are My = 5, 10, 20, 30 and 50 GeV. In the previous section, it was
described how the proper decay length, c7, of the HNL is related to the HNL mass and mixing
angle. This relationships is visualized in Fig. 2] which shows the proper decay length contours for
the HNL as a function of |V,n[? and My. The black line shows the limit set by the DELPHI
experiment in the region [19]. Since this figure was made, the CMS experiment has set new limits
in this region based on the 2015-2016 Run 2 data of the LHC [22] which is just below the DEL-
PHI limit. The plot shows that the proper decay length decreases when the mixing angle increases.

The signal parameters are chosen based on two considerations: a) c¢r needs to be small for the
signal to be prompt, and b) the mixing angle should be smaller than the current limits for the HNL
sensitivity to be able to improve the knowledge of HNLs. This is easiest achieved for the larger
mass points which are more unstable and therefore tend to have a smaller decay length. The black
boxes in Fig. [2| shows the parameters used in the five generated MC samples.

The mixing angles corresponding to the considered HNL mass points My and proper decay lengths
ct are determined as described in the previous section. Table [3| shows the variables used for the
five signal samples. For each of the listed HNL mass points My (with corresponding mixing angle
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Figure 2: The proper decay length contours for the HNL as a function of the mixing angle, |VMN|27
and the mass of the HNL, M. The five boxes indicate the applied values of My, \VMN\Z and cr
used for the generated MC signal samples. The black line indicates the exclusion limit in this region
which is set by the DELPHI experiment [19] and the ATLAS [20] and CMS [21] experiments at
/s = 8 TeV. Since this figure was made, the CMS experiment has set new limits in this region based
on the 2015-2016 Run 2 data of the LHC which lies just below the limit shown |22]. The phase space
above the black line has thus already been experimentally excluded. The figure is from [15]

Chosen parameters for the five MC signal samples

My ;5 GeV 10 GeV 20 GeV 30 GeV 50 GeV
cT : 1mm 1 mm 0.1 mm 10 pm 1 pm
[Vun* @ 39-107* 1.2-107° 3.8-107% 4.6-107% 3.4-.107°

Table 3: The parameters used to generate the five MC signal samples, where My is the mass of the
HNL, cr is the proper decay length, and \VHN\Z is the mixing angle between the SM neutrino v,
and the HNL.

|V~ |?), the cross section of the signal can be determined using Eq.

When the mixing angle is increasing, the cross section of the signal signature is increasing and thus
the number of predicted signal events is increasing. Therefore, a higher luminosity will in general
enable the analysis to exploit lower mixing angles. Though for a constant HNL mass point, the
proper decay length increases when the mixing angle decreases which will change the efficiency of
the analysis.

4 The LHC and the ATLAS detector

In this section, the layout and main properties of the Large Hadron Collider (LHC) at CERN and
the ATLAS (A Toroidal LHC ApparatuS) detector will be introduced. First, the LHC is shortly
described giving a brief overview of its design and performance. The complete description of the
LHC can be found in the LHC Design Report [23H25]. Secondly, the key features of the ATLAS
detector are presented. A detailed description of the ATLAS experiment can be found in [26]



4.1 The LHC

The LHC [23H25] is the largest and most powerful particle accelerator in the world which is run
by the European Organization for Nuclear Research (CERN). CERN was founded in 1954 as an
international research organization which now has 22 member states and over 600 institutions and
universities world wide use the CERN facilities [7]. The LHC is the largest accelerator run by
CERN and the majority of the CERN activities involve the experiments around the LHC. The aim
of the LHC is to get a better understanding of the elementary particles and their interactions.

The LHC lies close to Geneva and it crosses the border between Switzerland and France. It
has a circumference of 27 km and is placed in a tunnel 100 meters below ground level. It is a
two-ring, superconducting accelerator which was build to run with a centre-of-mass energy of up
to 14 TeV. Both protons and heavy ions can be injected in the LHC. This analysis is based on
proton-proton collisions from the LHC so focus will be on these events. The four large detectors at
the LHC are ATLAS, CMS, ALICE and LHCb, which are located at the LHC beam intersection
points. Both ATLAS and CMS are general-purpose detectors designed to study the properties of
the SM, especially the Higgs boson, and possible signs of new physics.

The two most important features of a particle accelerator are the centre-of-mass energy, /s, and
the luminosity, £, which determine the interactions which can be studied and the event rates. For
a given process, the number of interactions N is given by the product between the total luminosity
and the cross-section for the process o:

N=¢ / cdt. (4.1)

The integrated luminosity, [ £d¢, will for simplicity be referred to as L.

The experiments at the LHC started taking data in December 2009 which was the beginning
of Run 1 lasting until the end of 2012. During Run 1, the LHC increased the centre-of-mass energy
from 2.36 TeV to 8 TeV. Following Run 1, the LHC shut down for two years in 2013-2014. Doing
the Long Shutdown 1, all the detectors were upgraded, the LHC was extensively renovated, and
the computing resources were scaled to meet higher luminosity challenges [7]. In 2015, the Run 2
of the LHC started which will last until the end of 2018. Doing Run 2, the LHC has been operating
at a centre-of-mass energy of /s = 13 TeV. It has successfully been running in the period from
2015-2018 and delivered stable results at high energies and with an increasing luminosity. Figure
[Ba] shows the integrated luminosity by the LHC for both the Run 1 data-taking years 2011 and
2012 and for the Run 2 years 2015-2018. Figure [3D] similarly shows both the total luminosity for
Run 2 and the total luminosity recorded by the ATLAS detector. It is found that 94% of the
integrated luminosity was recorded by the ATLAS experiment and a total of 88% is good quality
data used for analyses. In this analysis, the Run 2 dataset recorded by the ATLAS experiment
from 2015-2017 is applied which corresponds to an integrated luminosity of 79.8 fb~!.

The high luminosity delivered by the LHC and its resulting high interaction rate is crucial for
analyses of particle processes with small cross-sections. It gives the best conditions ever seen to
measure rare interactions and search for potential new physics as presented in this analysis. The
high luminosity also puts a lot of pressure on the detectors both in order to record and process
the large amount of data and for the ability to accurately measure the properties of the particles
associated to each event. Figure 4] shows the integrated luminosity as a function of the mean
number of interactions per bunch crossing denoted (u). It is shown that (u) =13.4, 25.1 and 37.8
for the data taken in 2015, 2016 and 2017 respectively. The impact of additional interactions in
the same or neighboring bunch crossings is referred to as pile-up [28]. In proton-proton collisions,
the cross-section for QCD jet production processes is heavily dominating compared to the cross
sections of the more rare physics processes being searched for in the particle experiments. So a
highly efficient triggering system is crucial for the detectors in order to select which events should
be kept. In the next section, I will examine some of the properties of the ATLAS detector among
which is the trigger system.
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Figure 3: Integrated luminosity delivered by the LHC. The figures are published by the ATLAS
Collaboration in .
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Figure 4: The recorded luminosity as a function of the mean number of interactions per crossing
measured by the ATLAS detector. The figure is published by the ATLAS Collaboration in .

4.2 The ATLAS detector

ATLAS is a particle detector constructed at the LHC . In this section, the structure of the
ATLAS detector is first presented including both the coordinate system applied when referring
to the detector and the four main sub-detectors. Thereafter, the trigger system of the ATLAS
experiment is introduced. Finally, the experimental signature of particles in the detector is briefly
discussed.

The ATLAS detector has a cylindrical geometry and is forward-backward symmetric. Figure
shows a schematic view of the detector and its main components. In the middle of the cylindrical
detector is the beam line which is referred to as the z-axis in the ATLAS coordinate system. The
origin of the coordinate system is defined as the interaction point where the two proton bunches
meet in the center of the detector. The x-y plane is transverse to the beam direction for which the
positive z-axis is defined as pointing from the interaction point to the centre of the LHC ring and
the positive y-axis is pointing to the sky. The azimuthal angle ¢ is measured around the beam
axis, the polar angle 6 is the angle from the beam axis, and finally is the pseudorapidity defined
as 7 = —Intan(f/2). The four main detector components which are shown in Fig. [5] are: the
inner tracking detector (ID) at the core surrounded by a thin superconducting solenoid generating
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Figure 5: Schematic view of the ATLAS detector where the main detector components are labeled.
Figure from the ATLAS experiment official website in .

a 2 T axial magnetic field; the electromagnetic and hadronic calorimeters; and finally the muon
spectrometer incorporating three large superconducting toroid magnets. These four sub-detectors
are introduced below. A detailed overview of the detector details can be found in .

The ID consists of three sub-detectors which provide charged-particle tracking and momentum mea-
surement in the pseudorapidity range |n| < 2.5. A silicon pixel detector supplies high-granularity
measurements of the track, including the insertable B-layer installed after Run 1 of the
LHC, which is followed by a silicon microstrip tracker also referred to as a semiconductor tracker.
At larger radii, a transition radiation tracker enables radially extended track reconstruction up to
|n| = 2.0, which enhances the pattern recognition and momentum resolution, and provides electron
identification information over a wide range of energies.

The calorimeter system covers the pseudorapidity range || < 4.9. Electromagnetic (EM) calorime-
try is provided by high-granularity lead/liquid-argon (LAr) detectors in the pseudorapidity range
[nl < 3.2, where it is divided into a barrel part (|n] < 1.475) and two end-cap components
(1.375 < |n| < 3.2). The transition region between the two EM calorimeters is known as the
crack region. In this region, a significant quantity of material is contained which leads to energy
loss and a reduction in the performance. Therefore, the electrons in the analysis are required
to be outside the crack region. The EM calorimeter is extended to larger pseudorapidities by the
forward calorimeter which consists of an EM and hadronic part. The EM and hadronic calorimeter
parts of the forward calorimeter are copper-LAr and tungsten-LAr detectors respectively. Hadronic
calorimetry is provided by the steel/scintillator-tiles calorimeter in the region |n| < 1.7, which is
segmented into three barrels: a central barrel and two extended barrels. It is extended up to
[n] < 4.9 by the forward calorimeter as mentioned above.

The muon spectrometer includes separate trigger and high-precision chambers. The magnetic
field for the muon spectrometer, which deflects the muon tracks, is generated by three large air-
core toroids. The chamber system covers the pseudorapidity region |n| < 2.7, where precision
measurements of the track coordinates are provided by monitored drift tubes, and at large pseu-
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dorapidities 2 < |n| < 2.7, the cathode strip chambers with higher granularity are used. The muon
trigger system covers the range || < 2.4, where resistive plate chambers are used in the barrel and
thin gap chambers in the end-cap regions.

A two-level trigger system is used to select events of interest [32]. The data from the detector-
specific readout electronics is received by the data acquisition system. A subset of the detector
information is used by the first Level-1 trigger. The Level-1 (L1) trigger is implemented in hard-
ware and uses the detector information to make a quick decision of whether the event will be kept.
The L1 reduces the event rate from the design bunch-crossing rate to an event rate of around
100 kHz. After the acceptance of the L1 trigger, the events are processed by the software-based
high level trigger (HLT) with an output rate of about 1 kHz. The HLT applied in this analysis is
described in Sec. [Z1l

Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector

Electromagnetic
Calorimeter

Solenoid magnet
Transition
Radiation

Tracking Tracker
Pixel/SCT detector

Figure 6: Transverse view of the ATLAS sub-detectors: the inner detector; the electromagnetic
calorimeter; the hadronic calorimeter; and the muon spectrometer. The experimental signature of
specific particles are shown. A proton is used to illustrate the signature of a charged hadron whereas
a neutron is illustrating the signature of a neutrally charged hadron. Hadrons are measured as jets
due to the hadronization of quarks and gluons. Photo from the ATLAS experiment official website
in [33].

Figure [6] shows the experimental signature of particles in the four main parts of the sub-detectors.
It is illustrated that only charged particle tracks are measured in the ID which in this figure are the
muon, proton and electron. Electrons and photons are measured in the EM calorimeter whereas
jets are measured in the hadronic calorimeter. A proton is used to illustrate the signature of a
charged hadron and a neutron as a neutrally charged hadron. Due to the hadronization of quarks
and gluons, they are measured as jets in the detector which are reconstructed from the calorimeter
cell signals using a clustering algorithm [34]. Muons pass both the EM and hadronic calorime-
ters and are measured in the muon spectrometer. Neutrinos are the only known SM particle not
measured at all in the detector. By calculating the missing transverse energy in each event, the
unmeasured transverse energy from neutrinos, and possibly other BSM particles, can be estimated,

see Sec. [6.1.4]

13



5 Data and Simulation Samples

In this section, the data and MC samples are described. The dataset recorded by the ATLAS
experiment is first presented. Thereafter, the main properties of the MC samples are listed.

The data used in this analysis is collected by the ATLAS detector in the period from 2015-2017
and corresponds to an integrated luminosity of £ = 79.8 fb~!. The uncertainty in the combined
2015-2017 integrated luminosity is 2.0% [35]. It is derived following a methodology similar to that
detailed in Ref. [36]. The data is a part of the Run 2 of the LHC for which the centre-of-mass
energy is /s = 13 TeV. Table [4] shows the integrated luminosity and average number of interac-
tions per bunch crossing for the data-taking periods applied in the analysis. When producing the
samples for the analysis, Good Run Lists [37] are applied which ensures that only events which are
of good quality for physics analyses are applied. The integrated luminosity used in this analysis is
calculated based on the Good Run Lists.

Year [ Ldt [fb~!] Average p

2015 3.2 13.4
2016 33.0 25.1
2017 43.6 37.8

Table 4: The data-taking periods applied in this analysis. Both the integrated luminosity |37| labeled
J L£dt and the average number of interactions per bunch crossing [27] labeled ”average p” are shown
for each year.

MC simulations are used in the analysis in order to model both the known SM background pro-
cesses based on the SM theory and the signal samples based on the YMSM. The MC events are
simulations of events produced in the LHC including the detector response which is modeled using
the ATLAS detector simulation based on GEANT4 [38]. Four MC generators are applied in the
study: PyTHIA [39], POWHEG [40], MADGRAPH [41] and SHERPA [42, [43]. The MC samples are
designed to match the data conditions. This includes information about the pile-up conditions and
the triggers used for the data. The applied MC samples were launched after the data taking was
complete so the measured conditions from data are applied to get an accurate description of data.

In Tab. all the applied MC samples are listed together with both the MC generator used
to produce the samples, the set of Parton Distribution Functions (PDF) used, and a reference to
detailed tables in appendix Sec. [A] for each sample. The PDFs are used to define the structure
of the protons in the pp collisions. They provide the probability densities for each of the possible
partons in the hadron as a function of the momentum fraction and energy scale [44].

14



Process MC generator PDF Appendix

Signal PyTHIA v8.2 NNPDF2.3LO Tab.
tt POWHEG + PYTHIA v8.2 NNPDF2.3LO Tab.
tHw MADGRAPHS v2.3 + PyYTHIA v8.2 NNPDF2.3LO Tab.
ttz MADGRAPH5 v2.2 + PyTHIA v8.1  NNPDF2.3LO Tab.
t and Wt POWHEG + PyTHIA v6.4 Perugia2012 Tab.
W +jets SHERPA v2.2 NNPDF3.0NLO Tab.
Z+jets SHERPA v2.2 NNPDF3.0NLO Tab.
VA~ SHERPA v2.2 NNPDF3.0NLO Tab.
V'V fully leptonic PowHEG + PyTHIA v8.2 AZNLO CTEQ6L1  Tab.
VV: partial hadronic SHERPA v2.2 NNPDF3.0NLO Tab.
VVV: fully leptonic SHERPA v2.2 NNPDF3.0NLO Tab.
VVV: partial hadronic PowHEG + PyTHIA v8.1 AZNLO CTEG6L1  Tab.

Table 5: List of all the MC processes applied in the analysis and the Monte Carlo (MC) generators
and parton distribution functions (PDF) applied for the processes. Details of each MC sample is
shown in appendix Sec. E MC processes with a V' in the process description refers to a W or
Z-boson. The diboson samples denoted V'V are: WZ, WW, and ZZ. The triboson samples denoted
VVV are: WWW and ZWW.

6 Basic concepts for defining the analysis procedure

When two protons collide in the ATLAS detector, new particles are created. The particles traverse
the detector and leave signals in the layers of the detector which outline the trajectory of the
particles. In the previous section, the sub-detectors of the ATLAS detector were briefly examined.
Here it was discussed which parts of the detector the different particles leave signals in. Objects
are reconstructed and identified from the detector signals using algorithms. In this section, the
reconstruction and identification algorithms for muons, electrons, and jets are presented. These
algorithms are defining the objects used and they are optimized to avoid mis-identification while
maintaining a high efficiency.

The fully reconstructed final state of a proton-proton collision consists of the identified individual
particles including electrons, photons, muons, tau-leptons, jets, and missing transverse momentum
(Emiss). In this analysis, the final state is required to be two muons and an electron. Both photons,
tau-leptons, and jets can also contribute to the number of final state leptons: energetic photons
which decay into an electron-position pair v — ee; tau-leptons which decay leptonically into an
electron or muon, 7 — ev.v;/uv,vy; and jets containing heavy flavour quarks which decay semi-
leptonically, e.g. b — evec/uv,c. In data events, the kinematic properties of the reconstructed
electrons and muons is used to indicate the origin of the leptons and whether they are signal-like or
background-like. For MC samples, it is additionally possible to match the individual reconstructed
particles to their original type and mother particle.

In this section, the object definitions for electrons, muons, jets and missing transverse energy
are first presented and the overlap removal between reconstructed electrons, muons and jets de-
scribed. The isolation definitions and the impact parameter variables are also presented since
they will be applied in the signal region requirements for the reconstructed electrons and muons.
Thereafter, the MC weights and scale factors used in the analysis are presented. These are the
weights applied for each MC events in order to ensure that the MC simulations accurately reflect
the corresponding data events. Finally, lepton truth matching is used in MC events to distinguish
events with real/prompt leptons from events with fake/non-prompt lepton.
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6.1 Object definitions

Object definitions are based on recommendations by Combined Performance groups within the
ATLAS Collaboration. For both muons and electrons, the object definitions make requirements
to the kinematic properties of the track, the identification and isolation variables, and the impact
parameters. In this section, the definitions of the identification and isolation variables and the
impact parameters are presented. Thereafter, the specific choices used for each type of object are
listed.

6.1.1 Electron reconstruction and identification

Electrons which traverse the detector leave signals in both the inner detector and the EM calorime-
ter. By matching the tracks formed in the inner detector with the energy clusters in the EM
calorimeter, electrons can be reconstructed. The electron identification (ID) algorithm used is
the likelihood-based (LLH) method [45]. Tt is based upon a multivariate analysis technique which
consider several properties of the electron candidate simultaneously when determining the overall
probability for the candidate to be an electron or not. Different selection levels are defined using
the algorithm which vary in how tight the selection of the electrons is by changing the required
efficiency. In this analysis, the LooseAndBlayerLLH selection is used which require a signal effi-
ciency of 90% for electron candidates with Er =~ 25 GeV [45] 46]. The electron candidate is also
required to have a hit in the b-layer of the detector [47] in order to fulfill the selection. Additional
requirements are imposed on the transverse momentum and pseudorapidity of the electron can-
didate which is required to be pr > 5 GeV and || < 2.47 with a veto for the calorimeter crack
region for which 1.37 < |n| < 1.52.

6.1.2 Muon reconstruction and identification

Muon tracks are reconstructed based on signals from both hit points in the inner detector and
the muon spectrometer and is also using additional information about energy deposits in the
calorimeters. When the muon candidate has tracks both in the inner detector and the muon
spectrometer, it is denoted combined [48]. In this analysis, all muons are required to be combined.
The identification criteria for the muon can be loose, medium or tight where the names indicate
the efficiency requirement for each [48| |49]. For the loose selection, the reconstruction efficiency
is very high where for the tight selection the purity of the muons is larger at the cost of the
efficiency. The three sets of selection criteria are inclusive, so muons which satisfy the tight
selection also satisfy the medium and loose selection. In this analysis, the loose selection is used
for the subleading muon in the final state and the tight selection is used for the leading muon.
Further requirements for the transverse momentum and pseudorapidity of muon candidates are
pr > 5 GeV are || < 2.5.

6.1.3 Jet reconstruction and identification

Jets traversing the detector are characterized using their bundles of tracks in the inner detector
and the locally-calibrated topological clusters which are built from calorimeter cells. Jet recon-
struction is performed from the topological clusters in the calorimeters using the anti-kr algorithm
with radius parameter AR = 0.4 (AR = \/An? + A¢?) |50, 51]. The requirements made for the
transverse momentum and pseudorapidity of jets are: pr > 20 GeV and |n| < 4.5.

Jets from pile-up are suppressed using a selection based on the jet vertex tagger (JVT) algo-
rithm [52]. The JVT algorithm is a tagging algorithm for jets used to identify jets coming from
the hard scattering interaction and thereby reject jets from pile-up. Information about the tracks
associated to the jet and information about the vertices are is in the algorithm. The applied JVT
selection corresponds to a 92% efficiency in tagging jets and is allowing an observed fake rate of
2% from pile-up jets.

Jets which originate from a b-quark have in general different properties than jets initiated by
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the lighter quarks so an algorithm is used to tag the b-jets. The algorithm uses a multi-vary ap-
proach to tag the relatively long-lived b-jets [53]. In this analysis, the b-jet selection which tags
jets with a 77% efficiency is applied.

6.1.4 Missing transverse energy

miss

The missing transverse momentum p#S with magnitude FE* is defined as the negative vector
sum of transverse momenta of all identified physics objects (electrons, photons, muons, taus, jets)
and an additional soft term [54]. The soft term includes all tracks which are not associated to a
physics object but still associated to the primary vertex. In order to get an accurate estimate for
the missing energy in the event, it is crucial to have a good pile-up suppression as described above.
For many physics analyses, EXs is an essential variable since it is used to estimate the missing
measurements from SM neutrinos, and some beyond the SM particles, which escape the detector
without producing a signal.

In this analysis, there is missing energy in the signal process final state from one SM neutrino. The
neutrino is arising from the HNL decay through the leptonic decay of the W-boson so the missing
energy in the signal process is correlated with the mass of the HNL. For an increasing invariant
mass My, the EIS tends to increase as well. Even though missing energy is present in the signal
sample, the size of the missing transverse energy is much smaller than the typical amount of Eiss
in background processes as tt. So by setting an upper cut on EITniSS, a reduction in the number of
background events can be achieved.

6.1.5 Overlap removal

Overlap removal is used in order to avoid double counting objects when the same particle is
reconstructed as different object types. Table [6] shows how the overlap removal is performed
for muons, electrons, and jets with respect to each other. Overlap removal between a jet and a
lepton is performed by considering the angular separation AR = y/An? 4+ A¢? between the objects
and their transverse momentum. Overlap removal between two reconstructed electron and muon
objects is performed by considering the tracks and thereby not based on the AR separation.

Overlap removal: electrons and jets

1. Jet removed Jets within AR < 0.2 of an electron track.

Unless it is a b-jet or has 20% higher pr than the electron.
2. Electron removed Electrons within the jet sliding cone defined by

AR < 0.04 410 GeV/pr(e) < 0.4.

Overlap removal: muons and jets

1. Jet removed Same requirement as for electrons.
Unless it is a b-jet or the jet has three or more tracks.

2. Muon removed Same requirement as for electrons.

Overlap removal: muons and electrons

1.  Muon removed When a calorimeter tagged muon shares the same tracks
as an electron.

2. Electron removed If it shares the same track with a remaining muon.

Table 6: Overlap removal requirements between reconstructed muons, electrons and jets with respect
to each other. No overlap removal is performed with 7 objects or between b-jets and jets.
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6.1.6 Isolation

Isolation criteria are applied in order to distinguish leptons originating from a jet, which are likely
to have many other tracks in their close proximity, from signal-like leptons. The isolation of a
track is defined using a spatial cone around the track with radius AR = y/An? + A¢? and then
the pr of other tracks or calorimeter deposits Ep within the cone are considered [48].

Isolation criteria are one of the main discriminating features between signal-like and background-
like leptons used in this analysis. It is also crucial for the fake lepton estimation in Sec. [§| where
the discriminating power of different isolation selection criteria is exploited. Therefore, a more
detailed presentation of the isolation criteria is given below.

The isolation selection apply cuts on the following variables:

- topoetcone20/pt defined as the sum of Fr in the topologically connected clusters in a cone
of AR = 0.2 around the particle track divided by the transverse momentum of the particle,

- ptvarcone20/pt or ptvarcone30/pt defined as the sum of track-pr in a cone of AR = 0.2
or AR = 0.3 around the particle track divided by the transverse momentum of the particle.

Two different types of selections are used: a “fixed cut” type where the criteria consist of simple
cuts on the variables, for example topoetcone20/pt< 0.06 and ptvarcone20/pt< 0.06; and a
targeted efficiency type based on cut maps parametrized in  and pr of the track [55]. In Tab.
the definitions of the different isolation selections are listed. The first four isolation selections are
efficiency targeted whereas the additional selections are the “fixed cut” type.

Isolation name Object Calorimeter isolation Track isolation
LooseTrackOnly e+pu - e =99%

Loose e+p  €=99% € =99%

GradientLoose e+pn  €=(0.057*pT[GeV]+95.57)% € =(0.057*pT[GeV]+95.57)%
Gradient e+p  €=(0.1143*pT[GeV]+92.14)% € =(0.1143*pT[GeV]+92.14)%
FixedCutLoose I Cut: topoetcone20/pT<0.3 Cut: ptvarcone30/pT<0.15
FixedCutLoose e Cut: topoetcone20/pT<0.2 Cut: ptvarcone20/pT<0.15
FixedCutTightTrack  pu — Cut: ptvarcone30/pT<0.06
FixedCutTightTrack e — Cut: ptvarcone20/pT<0.06
FixedCutTight I3 Cut: topoetcone20/pT<0.06 Cut: ptvarcone30/pT<0.06
FixedCutTight e Cut: topoetcone20/pT<0.06 Cut: ptvarcone20/pT<0.06

Table 7: Definitions of the isolation selections [55]. The combined isolation efficiency for the
LooseTrackOnly and Loose selection is 99%. For the GradientLoose and Gradient selections, the
combined isolation efficiency is € = 90%/99% and € = 95%/99% respectively for pr = 25/60 GeV.

For this analysis, the fixed cut selections called FixedCutTightTrackOnly and FixedCutLoose are
used for the leading and subleading muon respectively, and the efficiency targeted working point
Gradient is used for the electron. The Loose isolation is also applied in the analysis for both
the subleading muon and electron in order to increase the statistics and test the stability of the
background estimation method in Sec.

6.1.7 Impact parameter

The transverse impact parameter (IP) dy and the longitudinal IP zg are defined with respect to the
beam-line [56]. They represent the shortest distance between the reconstructed particle track and
the beam-line which can be recalculated to get the distance between the reconstructed particles
track and the primary vertex of the hard scattering event. Variables based on the IPs are used to
distinguish particle trajectories that are very likely to origin from the primary vertex with particles
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that are likely to origin from a decay of particles with a long lifetime or from pile-up. The two
variables which are applied in the analysis are defined as:

- |do|/o(do) which is the smallest transverse distance between the particle trajectory and the
beam-line divided by the uncertainty of the distance,

- |Azpsin(f)| where |Azg| is the distance between the primary vertex of the hard scattering
event and the particle trajectory, and siné is included to avoid rejecting tracks with an
expected larger error in the forward region of the detector.

For the transverse IP, no transformation is needed since a transverse distance is independent on the
position along the beam-line. The corrections to be applied in MC to leptons are derived under
the assumption that recommended cuts are made on the two IP variables. The recommended
requirements are:

- Muons: |do|/o(dp) < 3 and |Azgsin(f)| < 0.5 mm.
- Electrons: |dp|/o(dp) < 5 and |Azpsin(d)| < 0.5 mm.

In Sec. it is studied how these IP requirements effects the significance of the signal events.
It is found that the recommended cut on |dg|/o(dp) introduce an inefficiency for signal events,
especially those with the longest proper decay length of ¢ = 1 mm. The long decay length affects
the origin of the particle trajectories which become displaced from the primary vertex. In order
to avoid this inefficiency for signal events, the subleading muon and electron are only required to
satisfy |Azgsin(f)| < 1.0 mm as a preselection requirement. In Sec. an optimization study is
performed for the SR for which it is found that the optimal requirements are |dg|/o(dp) < 10 and
|Azgsin(f)| < 0.5 mm for both the subleading muon and the electron.

6.2 MC weights and scale factors

MC events are simulated particle collision events which are based on theoretical predictions. In
order to ensure that the MC samples are reflecting data, different weights to the MC events are
assigned. First, the MC events are normalized to the correct cross section and scaled to the total
integrated luminosity of the data which is 79.8 fb~! in this analysis. Monte Carlo weights are
applied which are weights assigned by the generator in order to obtain the kinematic distributions
seen in data. Furthermore, pile-up weights are used aiming to imitate the pile-up conditions seen
in data. The pile-up weight is an additional weight used to correctly scale the MC events to the
pile-up conditions of data.

Finally, scale factors (SFs) are applied in order to increase the accuracy of the MC modeling
for the specific region of phase space for the particles considered. SFs take into account the type of
particles required in the region and the kinematic properties of these particles. They are derived
in bins of transverse momentum and rapidity for the electron/muon and calculated by taking the
ratio of the determined efficiency for data and MC: SF = e(data)/e(MC). Four SFs are available
for electrons [57] which model the MC efficiency given different lepton requirements: reconstruc-
tion; identification; isolation; and trigger. The full electron SF is determined by multiplying the
individual SFs. For muons, three SFs are available denoted: reconstruction; isolation; and trigger
SF [58]. The reconstruction SF for muons take into account the identification quality selection
applied. Two additional SFs are available for jets: one efficiency SF for the applied JVT selection;
and one for the b-jet selection. In this analysis, scale factors are used for jets and the leading
muon and electron in the signal and control regions. Correct scale factors are not available for the
subleading muon in the produced datasets at the time of the analysis. Furthermore, two measure-
ment regions are applied when developing the data-driven model. In these regions, two leptons are
required which will be referred to as the tag and probe lepton. Scale factors are applied for the
tag lepton but not for the probe lepton.

6.3 Lepton truth matching

In the analysis, the reducible background containing fake leptons is estimated using a data-driven
method called the fake factor method. So MC simulations of the background processes are only

19



used for irreducible backgrounds where the selected leptons are truly isolated leptons arising from
a prompt decay (called real). This is explained in detail in Sec.

If for example a W sample was used and 3 leptons are found passing the signal selection, then
this could be satisfied by the trilepton real events with two leptons from semi-leptonic top quark
decays and one from the W-boson decay, or it could be satisfied by two real leptons from top or
W-boson decays and one lepton from a semi-leptonic heavy flavor decay. The former event should
be included as an irreducible background event modelled by MC whereas the latter is included in
the data-driven estimate and should not be included through MC. By using truth matching (i.e.
assessing whether a selected lepton is originating from a true isolated lepton or a lepton in a jet)
one can count correctly the irreducible components of background and ensure that events are not
double counted in the data driven estimate.

MC samples are produced by combining the simulation result from an event generator such as
PYTHIA, SHERPA or HERWIG, which models the truth particles, with the tool GEANT4 [59] used
to simulate the passages of the particles through the detector. Objects are reconstructed based
on the simulations of the detector hits. By matching the reconstructed tracks with the track hits
in the GEANT4 truth record, the truth origin and type of the leptons can be determined. The
algorithm used to classify the truth particles is a part of the ATLAS software [60].

7 Signal Selection

The signal selection is defined in this section which is a list of requirements used to determine
the signal region. First, the definition of the signal region and the additional regions used in the
analysis are presented.

Three kinds of regions are applied in this analysis which are each defined by a list of kinematic
requirements. The regions are called: signal region, measurement region, and control region. The
signal region, which is the focus of this section, is the region which is sensitive to the signal events.
It is designed such that an excess of signal events over the number of background events can be
measured. No signal is expected in the measurement and control regions which are orthogonal to
of the signal region, so at least one of the requirements for the signal region must be inverted when
defining the requirements for the measurement and control regions. In order to ensure that the
analysis is unbiased, the data in the signal region is “blinded” and can therefore not be applied until
the analysis is final. The signal-free measurement and control regions are not blinded so given that
they are defined similar to the signal region, results from these regions can be extrapolated to the
signal region. Both the measurement and control regions are used for the background estimation
model developed in Sec.

The method used to choose the signal region requirements can have a big influence on the outcome.
Some of the aspects which have to be considered are:

- The applied variables and their correlations.
- The statistics available and their uncertainties.
- The measure of the requirement performance, i.e. significance.

The variables applied in the signal region requirements need to have discriminating power which
means that they can be used to separate signal-like and background-like events. The correlations of
the applied variables also influence the selection outcome. In order to get the best signal efficiency,
the variables which are best at separating signal and background events should be applied first
so the interesting subset of events are considered. Furthermore, the statistics of the background
processes in the region and their uncertainties should be taken into account especially in cases
where the statistics are low to ensure that the signal region requirements are not optimized based
on statistical fluctuations. In this analysis, the statistics in the signal region are low due to the
rare topology of the signal final state. The significance should therefore be chosen such that it is
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stable for small numbers of background events.

The signal region requirements are determined for the five signal samples with My = 5, 10,
20, 30 and 50 GeV for which the applied mixing angles and decay lengths are listed in Tab.
The background processes are modeled using MC samples which are listed in Tab. All the
background processes are scaled to an integrated luminosity of 79.8 fb=1.

In this section, the preselection requirements are first examined. These are the basic require-
ments to decide the subset of interesting events. Thereafter, the applied definition of the discovery
significance is presented. Finally, the signal region requirements are determined.

7.1 Preselection

The preselection requirements are a list of cuts applied before the optimization of the signal region
selection. In addition to the basic object selection as described in Section [6] each event is required
to have exactly three leptons in the final state with the following flavor and charge composition:
pEputeT. This focuses the search on a HNL of Majorana nature. The leading muon, which is the
muon with the highest pr, will be referred to as w1, and similarly the subleading muon will be
referred to as pso. Below, the preselection requirements are examined. The final list of signal region
requirements is shown in Tab.

The lowest unprescaled and asymmetric di-muon trigger is used to collect the dataset. Table [
shows the HLT name and requirements applied in the datasets from 2015-2017. In the trigger
name, information is given about the trigger level, multiplicity, particle type and pp-threshold.
Further selection criteria as the tightness or type of identification and isolation will also be ap-
pended to the trigger name. For the trigger name HLT mul8 mu8noL1, it is meant that it is a High
Level Trigger, two muons are required in the final state with an asymmetric selection for which
pr(p1) > 18 GeV and pr(p2) > 8 GeV, and the “noL1” attached to the pr-threshold value indi-
cates that the trigger is executed without a requirement on the L1 seed on the subleading muon.
In addition to requiring the chosen trigger to be fired, it is also required that the reconstructed
leading and subleading muon are the objects which caused the trigger to be fired. This is denoted
trigger matching for which the reconstructed objects are matched to the trigger. In addition to the
trigger matching are offline requirements made for i.e. the pr of the matched objects. As shown in
Tab. [0] one typically requires an offline pr value which is a few GeV above the trigger threshold
in order to be at full efficiency for the trigger.

Four additional requirements are included in the preselection requirements which are exploiting
the final state topology of the signal:

- pT(,UQ) < 50 GeV
pr(e) < 50 GeV

40 GeV < M (1, p2,€e) < 90 GeV
- M(Mg,e) < My

The subleading muon and electron both appear in the final state of the signal as decay products
from the sterile neutrino. Therefore, pr(u2) and pr(e) are naturally correlated with My which
defines the maximum transverse momentum. Figure |Z| and [§ show the distribution of pr(us2) and
pr(e) respectively for the signal samples with the lowest and highest mass point: My =5 and 50
GeV. Both the distribution of pr(us) and pr(e) peak at small pr for both the background processes
and the signal but the tail of the distribution is much longer for pr(e). It is found that the require-
ment pr(u2) < 50 GeV has almost no impact on either the number of signal or background events.
The requirement is still applied since an upper threshold on pr(u2) is simplifying the usage of the
background estimation method for fake leptons described in Sec. The requirement pr(e) < 50
GeV has a large impact on the number of background events which is reduced significantly. Again,
the efficiencies of the signal samples are almost unaffected.
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Preselection requirements

1. Two loose and combined muons

2. One LooseAndBLayerLLH electron

3. ptutet

4. In(p)] < 2.5 and |n(e)| < 2.47 except 1.37 < |n(e)| < 1.52
5. p:pr >5GeV

6. e:pr>7GeV (2015), pr > 5 GeV (2016+2017)

7. p1:ldol/o(do) < 3 and |Azpsiné| < 0.5 mm

8.  p2+te:|Azsind| < 1.0 mm

9.  Trigger: HLT mu18_mu8noL1 (2015), HLT mu22 mu8noL1 (2016+2017)
10. Trigger matching and offline pr requirements

11.  p2 : pr < 50 GeV

12.  e:pr <50 GeV

13.  40GeV < M (u1, p2,e) < 90 GeV

14, M(p2,e) < 50 GeV

Table 8: The preselection requirements applied in the signal region prior to the signal region opti-
mization.

Trigger Offline requirements

2015 HLT mul8mu8noLl pr(wi) > 19 GeV and pr(us2) > 9 GeV
2016 HLT mu22mu8noLl pr(u1) > 23 GeV and pr(pz2) > 9 GeV

2017 Same as above Same as above

Table 9: The asymmetric di-muon trigger used to collect the dataset during the three data taking
periods: 2015, 2016, and 2017.

The trilepton invariant mass, M (u1, u2,€), is a discriminating variable due to its relation to the
W-boson invariant mass for the signal process. In the considered signal region channel:

+ + &
W= = iy py e,

the trilepton invariant mass will yield a peak close to the mass of the W-boson at 80 GeV. Due to
the neutrino in the final state of the signal process, the trilepton invariant mass will be lower than
the W-boson mass. For larger My, the final state neutrino will in general have a larger momentum
so M (1, pe, €) tends to be smaller when My is large.

The dilepton invariant mass refers to the invariant mass of the subleading muon and the elec-
trorﬂ In the considered signal region channel, the invariant mass of the HNL is related to the
invariant mass of the subleading muon and the electron. Due to the missing energy from the neu-
trino in the final state, the dilepton invariant mass will typically peak slightly below the mass of
the HNL: M (u2,e) < My. Here, it is assumed that the reconstructed leading muon g is the muon
which first decays from the W-boson. For small My, this is a very good assumption since less
energy is available for the leptons decaying from the HNL. For increasing My, the probability that
the reconstructed leading muon in the signal process can be produced in the HNL decay increases.

'In the limit where M (u2) = M(e) = 0 is the dilepton invariant mass:

M(pz2,e) = \/[E(uz) + E(e)]? — [plp2) + (e)]* = /2pr (n2)pr (€) [cosh(n(uz) — n(e)) — cos(¢(u2) — d(e))].
It has been used that |p] = pr coshn, pz = pr cos ¢, pe = prsin¢g and p. = prsinhn.
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Figure 7: Signal region: pr(u2) distribution after the preliminary cuts except pr(p2) < 50 GeV,
pr(e) < 50 GeV, 40 GeV < M(u1,p2,e) < 90 GeV and M(u2,e) < 50 GeV, see Tab. The
blue line indicates the sum of the SM background processes and the dashed area the corresponding
statistical uncertainty. The last bin in the histogram includes all events with values larger than the
range of the histogram. The number of signal events in Fig. and [7b| are increased by a factor 2
and 30 respectively.
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Figure 8: Signal region: pr(e) distribution after the preliminary cuts except pr(u2) < 50 GeV,
pr(e) < 50 GeV, 40 GeV < M (p1,p2,e) < 90 GeV and M (u2,e) < 50 GeV, see Tab. The
blue line indicates the sum of the SM background processes and the dashed area the corresponding
statistical uncertainty. The last bin in the histogram includes all events with values larger than the
range of the histogram. The number of signal events in Fig. [8a] and [8H] are increased by a factor 2
and 30 respectively.

Figure@andshows the distribution of M (11, 2, €) and M (us2, e) respectively for the signal sam-
ples with My = 5 and 50 GeV. When applying the requirement 40 GeV < M (u1, 2, e) < 90 GeV,
the total number of background events is reduced by 55%. The requirement M (uq,e) < 50 GeV
rejects a relatively small amount of background events.
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Figure 10: Signal region: M(u2,e) distribution after the preliminary cuts except
40 GeV < M (p1, p2,€) < 90 GeV and M(u2,e) < 50 GeV, see Tab. The blue line indicates
the sum of the SM background processes and the dashed area the corresponding statistical uncer-
tainty. The last bin in the histogram includes all events with values larger than the range of the
histogram. The number of signal events in Fig. and are increased by a factor 2 and 30
respectively.

7.2 Significance

Optimizing the signal selection means maximizing the expected discovery significance for the sig-
nal. Naturally, the definition of the expected discovery significance can affect the chosen signal
region requirement. The optimal definition of the significance depends on: whether the back-
ground is known, the number of background events, and how the background is determined and
its related systematic uncertainty. Often, the quantities s/ Vb or s/4/b+ ag are used as measures
of the expected discovery significance for a Poisson counting experiment, where s and b refer to
the number of signal and background events respectively . When deriving these expressions
for the significance, the variance is equal to the mean for Poisson distributions, which under a
background-only hypothesis gives Var[z|s = 0] = Z = b, where x is the Poisson distributed vari-
able. The additional uncertainty o} refers to the uncertainty on the background estimation given
by MC statistical uncertainty and systematic uncertainty. These significance definitions rely on
s/b and af /b being small since they are determined by approximating the Poisson distribution
with a Gaussian distribution and also use the assumption that the background is known.

In this analysis, the statistics is very limited. Therefore, the assumption that the number of
background events is much larger than the number of signal events is not good throughout the
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signal optimization. The number of MC events generated in this region is also relatively small for
some background samples for which it is necessary to include the statistical uncertainty related
to the MC modeling: (o€ stat)2 — SYMC (4,42 where w; is the weight of the i’th MC event in
the region and Nyj¢ is the total number of MC events satisfying the signal region requirements.
Furthermore, the background events contributing to the signal region are mainly events containing
fake leptons which will be modeled using the fake factor method and thereby be subject to a not

negligible systematic uncertainty, o3”™".

The significance applied in the optimization study is defined for Poisson counting experiments
with uncertain background. In the derivation it is taken into account that the expected number of
background events is constrained using a control measurement. The control measurement should
be made in a region where signal events are believed to be absent and where the mean number
of events can be related to the number of background events in the signal region. The discovery
significance determined for the background-only hypothesis given these constraints is [61]

2= (o[G0l By A DT

for which o = (o€ t2t)2 4 (537°")2. When expanding the significance in powers of s/b and o7 /b it
is found that [61] Z = s//b+ dZ(1+O(s/b)+O(ci/b), which is exactly the discovery significances
described above. The significance as determined using Eq. [7.1]is evaluated using the total amount
of background and signal events in the region as a one-bin significance. In this analysis, the data
in the signal region will be compared to the estimated background and signal contribution using a
binned distribution. By binning the significance, the uncertainties of the background samples are
properly taken into account. Therefore, in the optimization study of this analysis, the significance
is determined as:

Nbins
7=y [2 ((sj +b;)In

j=1

2
Tp,j

(s +b)(bj +p,) | b—?ln
b? + (Sj + bj)oij

2
oy -Sj
14— )] 7.2
bj(bj+ag,j)]>] (72)

for which s;, b; and (03 ;) = (o0 *¥2¢)2 + (023'].“)2 are determined using a sum over the event
weights which populate the j'th bin. For a systematic uncertainty on the background estimation
defined in terms of the number of background events, the total systematic uncertainty of the

background is:

syst

0,77 = b Peyst- (7.3)

Systematic uncertainties can also be assigned for a subset of the background events for which pgy
will not be a constant but depend on the relevant variables.

7.3 Signal region optimization study

In this section, the final list of signal region requirements are determined. Prior to the study are
the preselection requirements listed in Tab. [8| applied. The following variables are considered in
the signal selection:

1. pr(u) 6. Isolation for e 11. |do|/o(do)(e)

2. pr(e) 7. Isolation for usy 12. |do|/o(do)(12)
3. pr(pa) 8. Emis 13. |Azgsin(0)]|(e)
4. Npjets 9. Identification for p; 14. |Azpsin(0)|(p2)
5. Isolation for 10. AR(us,e)

After a signal region requirement has been chosen for a variable, it will be included in the signal
region requirements and applied prior to the optimization study of the next variable.

The optimal requirements are based on the significance as described in the previous section, see
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Eq. where the M (u1,p2,e) distribution is used to bin the significance. Figure [[1] shows
the M (p1, po, e) distribution for the two signal samples with My = 5 and 50 GeV. A study of
the binned significance is shown in appendix Sec. In the study, it is found that the variable
M (p1, o, €) is a good variable to apply because it discriminates signal-like events from background-
like events due to the correlation between the W-boson mass and My for the signal samples. The
bins used as a function of the M (uq, 2, e) variable are defined in the range from 40-90 GeV for
which the size of each bin is: (50/Npins) GeV. The significance is determined for both Np;,s = 5 and
10. In regions with high statistics, the number of bins will have a minimal effect on the estimated
significance. When fewer background events are present, the number of bins have a large impact
on the relative size of the background uncertainty in each bin. Since only statistical uncertainties
are used for the MC samples, the following systematic uncertainties are applied: psys = 0.3 and
0.5 corresponding to 30% and 50% uncertainty. In section |8, a background estimation method
is developed using the fake factor method for which other analyses applying this method have
estimated systematic uncertainties in this range. By examining the estimated significance for all
the signal samples as well as the different combinations of Nypins and peyst, it is both checked that
the optimal cut performs well for all the signal samples and that it is robust against statistical
differences.
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Figure 11: Signal region: M (u1, p2, e) distribution after applying the preselection requirements, see
Tab. @ The blue line indicates the sum of the SM background processes and the dashed area the
corresponding statistical uncertainty. The last bin in the histogram includes all events with values
larger than the range of the histogram. The number of signal events in Fig. [[0a]and[I0b] are increased
by a factor 2 and 30 respectively.

In this section, I have only included a small number of the plots considered in the optimization
study in order to motivate the chosen signal region requirements without having to include the
full study. Plots showing the significance determined using Npins = 5 and pgyst = 0.5 are included
for the two extreme mass points My = 5 and 50 GeV. In appendix Sec. [C] the optimization
study plots are shown for My = 5, 20 and 50 GeV with all the four combinations of Nyi,s = 5/10
and psys; = 0.3/0.5. The plots for the signal samples with mass My = 10 and 30 GeV are not
included since the preferred cuts for these samples lies in between the preferred values for their
respective “neighboring” mass points. When comparing the significance determined for the four
combinations of Npins = 5/10 and peyst = 0.3/0.5 it is found that in the optimization study of the
first variables, where the statistics of both the signal and background samples are relatively large,
the shape of the significance is unchanged. The largest significance is determined for Npi,s = 10
with the lowest systematic uncertainty of psys; = 0.3. When the number of background events is
reduced to a couple of hundred events, variations in the significance shape are found especially
when changing the number of bins. The requirements which are chosen in the optimization study
perform well across the four combinations.

The first variable which is considered is pr(u1). Figure [12| shows the estimated significance and

number of background and signal events achieved when applying different cuts on the variable
pr(p1) for the signal samples with My = 5 and 50 GeV. Given a value zy on the x-axis, the
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events respectively.
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Figure 13: Optimization study for the variable pr(e) for My = 5 and 50 GeV with psyst = 50%
and Npins = 5. The plots show the significance and number of events as a function of the cut on
pr(e). The x-axis value zg represents the requirement pr(e) > z¢o GeV. The green and red line
represent the number of background events and the sum of the number of background and signal
events respectively.

corresponding significance and number of events are determined using the extra signal region re-
quirement: pr(p1) > xo GeV. It is found that the best cut for all the signal samples is pr(p1) > 23
GeV, which is the lowest possible offline pr(u1) requirement for the applied High Level Trigger
labeled HLT mu22 mu8noL1 (active for 2016 and 2017 data).

The second variable considered is pr(e). Figure shows the significance scan of the variable
in the same way as for the variable pr (1) above. Again, plots are included for the signal samples
with My = 5 and 50 GeV for Npins = 5 and psys; = 0.5. For the signal samples with small My,
pr(e) is generally lower than for the samples with higher My since the electron is created after
the HNL decay: N — /Lg:e:':l/e. For all the signal samples, the significance is peaking around
pr(e) > 10 GeV which is chosen as a signal region requirement.

Due to the asymmetric dimuon trigger applied in the signal region, an offline requirement is applied
to the subleading muon of pr(u2) > 9 GeV. Figure [14] shows the significance scan for the signal
samples with My = 5 and 50 GeV. As for the optimization study of the variable pr(e), it is shown
that the value of pp(u2) is correlated with the mass point My. The significance is peaking when
applying the requirement pr(ug) > 14 — 16 GeV even though this requirement would decrease
the efficiency for the signal samples with small My dramatically. A looser signal requirement is
chosen despite the possible gain in significance since variables as the isolation of uo is correlated
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represent the number of background events and the sum of the number of background and signal
events respectively.
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Figure 15: Optimization study for the variable Ny_jets for My = 5 and 50 GeV with psyst = 50% and
Npins = 5. The plots show the significance and number of events as a function of the cut on Ny, jegs-
The green and red line represent the number of background events and the sum of the number of
background and signal events respectively.

with pr(pe2) and is expected to perform better at discriminating signal-like and background-like
events. The signal requirement pr(us2) > 10 GeV is chosen.

The effect of applying a b-jet veto is then examined. Figure[15]shows the significance and number
of events in the signal region before and after applying a b-jet veto. Since there is no b-jets present
in the final state of the signal process, the b-jet veto is only decreasing the number of background
events which increases the significance. So the requirement Ny _jets = 0 is used in the signal region.

The optimization of the isolation selections applied for the three final state leptons are then ex-
amined. In Sec. the available isolation selections were presented. Figure shows the
optimization study for the different isolation selections for ui. For the signal samples, the leading
muon is in general well-isolated since it arise from the first W-boson decay. Also for the back-
ground samples, the leading muon is in general a prompt, well-isolated muon. Therefore, the
significance is relatively constant for all the isolation selections. The fixed cut isolation denoted
FixedCutTightTrackOnly is used for u; since it is a hard enough cut to remove some of the back-
ground events for which the leading muon is a fake or non-prompt muon while rejecting very few
signal events.
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Figure 17: Optimization study for the isolation selection of e for My = 5 and 50 GeV with psyst =
50% and Npins = 5. The plots show the significance and number of events as a function of the
isolation of e. The green and red line represent the number of background events and the sum of the
number of background and signal events respectively.

The optimization study for the isolation selection of e is shown in Fig. For signal samples with
small M, looser isolation selections are preferred compared to the signal samples with higher M.
When the HNL mass is small, the HNL is in general more boosted and therefore its decay prod-
ucts tend to be more collimated and thereby less isolated. The efficiency based isolation named
Gradient is chosen for e since it performs well for all the signal samples.

The optimization study for the isolation selection of pg is shown in Fig. [I8] It is shown that
the two loosest isolation selections LooseTrackOnly and Loose are very bad at discriminating fake
and real leptons since very few background events are being rejected by those isolation selections
even though many of the background events contain a fake subleading muon. Similarly to the study
of the isolation for e above, the looser isolation selections are preferred when applying signal sam-
ples with low My while the tighter isolation selections are preferred when the HNL mass is larger.
The isolation FixedCutLoose is used for us since it performs well for the majority of the signal
samples and a relatively large number of background events are being kept. This choice of isolation
is reducing the significance achieved for the signal sample with My = 5 GeV significantly. It is
still chosen to apply the isolation FixedCutLoose due to the following two reasons. The prompt
HNL analysis is not ideal to probe the signal from the more displaced signal samples with My =5
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and 10 GeV which have a proper decay length of ¢c7 = 1 mm, so it is not beneficial to optimize
the signal region requirement for these signal samples. Furthermore, in order to successfully apply
the fake factor method to estimate the fake background contribution, it is necessary to apply an
isolation selection which is more effective at discriminating real and fake muons. In Sec. the
effect of applying the isolation selection Loose for the subleading muon is also studied to test the
stability of the fake background model using increased statistics.
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Figure 18: Optimization study for the isolation selection of po for My = 5 and 50 GeV with
psyst = 50% and Npins = 5. The plots show the significance and number of events as a function of
the isolation of u2. The green and red line represent the number of background events and the sum
of the number of background and signal events respectively.

The next variable which is considered is the missing transverse energy, EWsS. Figure shows
the EWiss distribution in the signal region for My = 5 and 50 GeV. It is found that for all the
signal samples EWiss < 60 GeV. Fig. shows the optimization study for the E¥* variable where
the point zp on the x-axis represents the signal region requirement EF'° < x5 GeV. It is found
that EXss < 60 GeV is a good cut since no signal events are lost while the number of background
events from especially tt is decreased.

An optimization study is also made for the identification quality selection of the leading muon. It
shows that there is a minimal effect when changing the identification selection of the leading muon
from the loose selection to the tight selection. The plots of the optimization study are included in
appendix Fig. This shows that the leading muon is in general a good quality real muon.
The tight identification selection is applied for the leading muon in order to decrease the number
of events where the leading muon is not real for the background estimation model, see Sec. [§|

The variable AR(u2,e) = /(¢(u2) — ¢(€))2 + (n(p2) — n(e))? is now examined. The motivation
behind making a requirement on this variable is coming from the background estimation, see Sec.
[Gl Tt is found that multi-fake background, where both the subleading muon and electron are fake
leptons, is not well modeled in the cases where AR(ug,e) is small. Therefore, it is necessary to
define a minimum AR separation which will not decrease the signal efficiency too much. Figure [2]]
shows the significance and number of events for the signal samples with My = 5 and 50 GeV given
a range of different requirements on AR(usa,e). It is found that the angular separation between
the subleading muon and electron is in general smallest for the signal samples with low mass point
My due to the HNL being more boosted and hence its decay products being more collimated. For
the signal samples with My = 10, 20, 30 and 50 GeV, no events have AR(us2,e) < 0.2. The signal
sample with My =5 GeV has 0.5 events with AR(u2,e) < 0.2, so the number of events decrease
from 6.540.9 events to 6.0+£0.9 events. A signal region requirement is made of AR(us,e) > 0.2.

The last variables studied are the impact parameter variables, see Sec. For the subleading
muon and electron, the recommended IP requirements are not applied in the preselection in order
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Figure 19: Distribution of E?iss in the signal region. The following signal region requirements
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dashed area the corresponding statistical uncertainty. The last bin in the histogram includes all
events with values larger than the range of the histogram.
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events respectively. The last bin in the histogram includes all events with values larger than the

range of the histogram.

‘ATLAS T Bkg {100
: Z?:?QIISSEEVI —— Bkg+Sig (5 GeV)

180

L

ITTITTTITT

| ®ee000000c000000 120

[® Z by =50% Niw=5]
0.0 05 ) 15

V (B(12) — d(e))? + (n(us) — n(e))?
(a) My =5 GeV

Number of events

w
o

Significance Z

N
o

T

T

N
&

0.0 0.5 15

V(@(1e) — d(e))? + (n(us) —n(e))?
(b) My = 50 GeV

1.0

Figure 21: Optimization study for variable AR(u2,e) for My = 5 and 50 GeV with psyst = 50%
and Npins = 5. The plots show the significance and number of events as a function of the cut on
AR(p2,e). The x-axis value xg represents the requirement AR(u2,e) > xg GeV. The green and red
line represent the number of background events and the sum of the number of background and signal

events respectively.

31

ATLAS —— Bkg 1140
Vs=13TeV, —f— Bkg+Sig (50 GeV.
L—79.8fb 1 9+519 | )“12°ﬂ
I 100 @
>
(]
80 «
(o]
60 @
Q
40 €
=]
i 20 %
[® Z pw=50% Niu=5] {o



Variable

Signal region requirement

Figures of optimization study

pr(p) pr(p1) > 23 GeV Fig. [12| appendix Fig. [51453
pr(e) pr(e) > 10 GeV Fig. E appendix Fig. |54456
pr(p2) pr(p2) > 10 GeV Fig. E appendix Fig. [57459
Nb.jets b-jet veto: Np.jets =0 Fig. E appendix Fig. (60462
Isolation for u; FixedCutTightTrackOnly Fig. E appendix Fig. (63465
Isolation for e Gradient Fig. F appendix Fig. [66468
Isolation for uo FixedCutLoose Fig. E appendix Fig. [69471
B B < 60 GeV Fig. [20] appendix Fig. [r2]74
Identification for p1  Tight Appe;lix Fig. M
AR(pe2,€) AR(p2,e) > 0.2 Fig. appendix Fig. W
|do|/o(do)(e) |do|/o(do)(e) < 10 Appendix Fig. |81483
|do|/o(do)(12) |do|/o(do)(p2) < 10 Appendix Fig. |84186
| Az sin(0)](e) |Azgsin(f)|(e) < 0.5 mm Appendix Fig. |87{89
|Azo sin(0)|(p2) [Azpsin(0)|(p2) < 0.5 mm Appendix Fig. [9092

Table 10: The list of variables examined in the optimization study of the signal region requirements. Prior to the
optimization study, the preselection requirements listed in Tab. are applied. The signal region requirements are
listed in chronological order, in the sense that prior to the optimization study of a variable both the preselection
requirements and all the signal region requirements listed before the study are applied.

to avoid a possible decrease in the signal efficiency especially for the most displaced mass point
with a proper decay length of ¢7 =1 mm.

The variable |do|/o(dp) is first considered. The optimization scan of the variables are shown in
the appendix: Fig. for |dg|/o(dp)(e) and Fig. for |do|/o(dp)(pe). Tt is found, that
following the recommendations of |do|/o(do)(e) < 3 and |do|/o(do)(p) < 5 for the electron and
subleading muon will decrease the number of signal events. Therefore, a looser upper threshold is
applied as a signal region requirement: |dp|/o(dp)(e) < 10 and |do|/o(do)(u2) < 10 for which the
effect on the signal efficiency is minimal. An upper threshold is still defined so fake muons and
electrons with very large |dy|/o(dp) cannot contribute to the signal region.

The variable |Azgsin(#)| is now considered. The optimization scan of the variables are shown in
the appendix: Fig. for |Azgsin(f)|(e) and Fig. for |Azpsin(6)|(uz). It is found that
the requirements |Azgsin(6)|(e) < 0.5 mm and |Azpsin(6)|(u2) < 0.5 mm have a minimal impact
on the number of signal events for all the five signal samples. These are the recommended IP
requirements for |Azgsin(6)| for both muons and electrons which is primarily used to reject fake
leptons from pile-up and muons from cosmic-ray interactions.

Table shows a list of all the variables which were examined in the optimization study in this
section together with the signal region requirements determined doing the study and the figure
numbers for the optimization study of each variable. All the signal region requirements, including
the preselection, are listed in Tab.

The expected sensitivity of the HNL signal is shown in Tab. for the five signal samples with
Mpy =5, 10, 20, 30 and 50 GeV. It is shown that the lowest significance is achieved for the two
lowest mass points, My = 5 and 10 GeV, which are the most displaced. The highest significance
is determined for the signal sample with My = 30 GeV and the proper decay length ¢r = 10um.
The expected mixing angle sensitivities are also shown which are determined for a 2¢ significance
of the background-only hypothesis. When estimating the mixing angle sensitivities, it is assumed
that the shape of the signal sample in the five applied bins will not change. Changing the mixing
angle will also change the proper decay length of the HNL signal which is not taken into account
either. The mixing angle is increasing for the most displaced signal samples which corresponds
to a lower proper decay length and therefore an expected increase for the signal efficiency in this
prompt search.
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Preselection requirements

1. Two loose and combined muons
2. One LooseAndBLayerLLH electron
3. ptuteT
4. [n()| < 2.5 and |n(e)| < 2.47 except 1.37 < |n(e)| < 1.52
5. w:pr >4 GeV
6. e:pr > 7 GeV (2015), pr > 4.5 GeV (2016+2017)
7. w1 : |do|/o(do) < 3 and |Azpsin €] < 0.5 mm
8. 2 +e: |Azpsinf| < 1.0 mm
9. Trigger: HLT mu18 mu8noll (2015), HLT mu22 mu8noLl
(2016+4-2017)
10. Trigger matching and offline pr requirements
11. w2 @ pr < 50 GeV
12. e: pr < 50 GeV
13. 40 GeV < M(u1, p2,e) < 90 GeV
14. M(p2,e) < 50 GeV
Optimization study requirements
15. pr(p1) > 23 GeV
16. pr(p2) > 10 GeV
17. pr(e) > 10 GeV
18. Np_jets = 0
19. Isolation for y;: FixedCutTightTrackOnly
20. Isolation for uo: FixedCutLoose
21. Isolation for e: Gradient
22. Exiss < 60 GeV
23. Identification selection for pi: Tight
24. AR(p2,e) > 0.2
25. |do|/o(do)(u2) < 10 and |Azg sin(0)|(u2) < 0.5 mm
26. |do|/o(do)(e) < 10 and |Azpsin(f)|(e) < 0.5 mm

Table 11: The final list of signal region requirements.

The number of events at each stage of the signal region requirement list in Tab. is shown
in appendix Sec. [D] Table [66] shows the number of events in the signal samples with My = 5, 10,
20, 30 and 50 GeV at each stage of the signal region requirements. Similarly, Tab. [67] and [68] show
the number of events for the different background processes and the total number of background
events at each stage of the signal region requirements. The contributions from the following back-
ground processes are shown: tt, W-jets, Z+jets, t and Wt, triboson ttV, V+* and diboson events.

The distributions of M (u1, pe,e) and M (usg,e) are shown in Fig. for the signal samples with
My =5, 20 and 50 GeV after applying all the signal region requirements as listed in Tab. It is
shown, that the majority of the background events arise from the ¢f process. The second and third
largest contributions are Z — 7+7F and diboson events. The tf and Drell-Yan processes can only
contribute to the signal region if one or more non-prompt or fake leptons are present in the final
state. In the following section, the background estimation will be examined where focus will be on
how to estimate the number of background events which contain non-prompt of fake leptons.
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corresponding statistical uncertainty. The last bin in the histogram includes all events with values

larger than the range of the histogram.
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Expected sensitivity of the HNL signal
Background modeled using MC
M=5GeV M=10GeV M =20GeV M =30GeV M =50GeV

Mixing angle: 3.9-107* 1.2-107° 3.8-1076 4.6-107° 3.4-1076
Significance Z with

- 1.18 0.68 1.41 3.72 3.38
Nbins = 5, psybt = 50%
Mixing angle: 7.4-107% 4.2.107° 5.8-107° 2.0-10°¢ 1.7-107¢
Significance Z with

2 2 2 2 2

Npins = 5, p¥** = 50%

Table 12: The expected sensitivity of the HNL signal to the mixing angle |V;LN|2- The background is
modeled using only MC samples. All the signal region requirements listed in Tab. [[I]are applied. The
top rows show the significance corresponding to the the mixing angles applied in the signal samples
which were determined for the specific My and c¢r values. The bottom rows show the expected
sensitivity of the search when requiring a 20 significance for the background-only hypothesis. The
significance is determined using Eq. and binned in the M (u1, pu2,e) distribution.

8 Background estimation

The final state signature of the HNL events, u*pu®eT, is selected such that the majority of events
from background processes are rejected. Remaining SM background events, which mimic the HNL
signal, have two identified muons and one identified electron originating from a combination of real
and fake leptons. In the analysis below, muons and electrons are referred to as leptons, which does
not include neutrinos and only 7-leptons which have decayed leptonically to a muon or electron.

In this section, the background estimation for the signal region is examined. First, the termi-
nology used to describe real and fake leptons is presented and the most common fake lepton
sources for electrons and muons are presented. The background processes in the signal region are
then described which is divided into two main categories: background events with two real muons
and one real electron; and background events where one or more of the final state muons and
electron is a fake lepton. The method used to estimate the fake lepton background is examined
and applied for the signal region leptons. Finally, the background estimation method is applied
and compared to data. Since data can not be used in the signal region in order to avoid biasing
the analysis and stay blinded, control regions which have a composition similar to the signal region
are used.

8.1 Real and fake leptons

Real leptons are leptons which are produced isolated as part of a prompt decay e.g. a decay of a
W or Z-boson: [1]:

W™ = e b/ 1y,
Z/y* = e et /uput. (8.1)

Electrons and muons which originate from a tau-lepton, that was produced in a prompt decay, are
also referred to as real:

W™ =7 b,and Z =71 7"
with 77 — e Devr /0™ Dy (8.2)

Due to the produced neutrinos, these events are characterized by having more missing transverse
energy than the process in 8.1 Furthermore, the proper life-time of the tau-leptons can result in
the electrons or muon being slightly displaced from the primary vertex.
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Identified leptons which are fake arise from different sources of lepton misidentification. Lep-
tons which origin from pile-up and thus are a part of a different hard-scattering event are also
referred to as fake. Fake leptons can either be a different objects, which are wrongly identified,
(e.g. a pion) or it can be an actual lepton which is not produced in isolation as part of a prompt
decay. Electron fakes can arise from both charged hadrons, photon conversions, or semi-leptonic
heavy flavor decays. In photon conversions and semi-leptonic heavy flavor decays there is an actual
electron present but it is still denoted as a fake. The fake electrons can for example arise through
the following interactions:

+

Photon conversion: v* — e"e™,

Semi-leptonic heavy flavor decay: b — W™ ¢c — e™ Dec. (8.3)

Due to the large mass of muons compared to electrons, they interact less with matter and they
are rarely produced through photon conversion in contrast to the electron. Furthermore, muons
are the only particles which leave signals in the muon spectrometer, with the exception of possible
hadron shower leakage. Muons can thereby be measured independently in the inner-detector and
muon spectrometer and a longer lever arm can be used to determine the curvature of the track.
This means that muon fakes are more rare than electron fakes. Almost all fake muons arise from
semi-leptonic heavy flavor decays or meson decays-in-flight. The small mass difference between the
pion/kaon and the muon allows for interactions where the decay only results in a small deflection
of the track and therefore the combined track can mistakenly be reconstructed as coming from a
single particle and identified as a muon.

8.2 Background estimation strategy

The background events contributing in the signal region are denoted irreducible or reducible. Irre-
ducible background events have three real leptons in the final state, whereas reducible background
events have one or more fake leptons in the final state. The reducible and irreducible background
events are treated separately in the background estimation. Reducible background events are
modeled using MC. Events which contain fake leptons are not expected to be modeled sufficiently
accurate in the MC since the misidentification rate is highly dependent on detector effects. The
fake factor method, which is a data-driven procedure, is used to estimate the background from
these reducible background events. In order to ensure that the MC contribution is purely from
real leptons, it is necessary to apply truth matching of the reconstructed leptons as described in

Section [6.3]

Figure shows the distribution of M (u1, u2,e) in the signal region. On the left hand side,
all MC events in the region are shown, whereas on the right hand side, truth matching is applied
such that only the irreducible MC background processes with three real leptons are shown. It is
found that the majority of the background events contributing to the signal region are reducible
background events which contain one or more fake leptons. Thus it is crucial for the analysis
that contributions from reducible background processes are estimated accurately. The only non-
negligible irreducible background process arise from diboson events. In Table the contributing
SM background processes are listed and it is summarised how they arise in the signal region and
the estimation strategy applied.

8.2.1 Irreducible background: WZ

The main contribution to the irreducible background comes from the fully leptonic W Z diboson
process. This process can mimic the signal region in the decay channel:

+

W — pFy, and Z — 577 — ptuveToo,. (8.4)

The 7 lepton decay of the Z boson increases the missing transverse energy from neutrinos, so the
contribution from this process is reduced by the missing transverse energy requirement: E7"'% < 60
GeV. When the final state includes 7-leptons which decay leptonically, the number of events is also

36



25 > L L o e e e BB EEE
> L0 e F 3
) (] r ATLAS . . n
8 o ﬁL);‘asT v 2 SM Total 1 Zomrtjets ] (0] 25F VE-1aTey %44 SM Total 1 Z—rrtjets
S oL |iTesmit [ Otherbkg [ tt E = Pl Tea et £ Otherbkg [ tk B
- L == [ Diboson w10 50G um ] ~ C [ Diboson w1010 50G lum 3
2 u ] 2 20F =
[ r 1 o C ]
Lﬁ 155 — Lﬁ C ]
- ] 151 =
10[— - F ]
- b 1.0 =
s - 0.5F =
C YY) 7 C B
S i ] 0.0 Lt 2]

%5 40 50 60 70 80 90 100 %o 40 50 60 70 80 90 00
M(p, 1, €) [GeV] M(u, p, ) [GeV]

(a) All MC background processes. (b) Only irreducible MC background processes.

Figure 23: Distribution of M (1, pt2, €) in the signal region for the signal sample with My = 50 GeV.
All the defined signal region requirements are applied as listed in Tab. The blue line indicates the
sum of the SM background processes and the dashed area the corresponding statistical uncertainty.
The last bin in the histogram includes all events with values larger than the range of the histogram.

suppressed by the branching ratio since T-leptons decay hadronically 65% of the time. The following
diboson process can also mimic the signal region if one muon has a misidentified charge:

W — e, and Z — ptuT. (8.5)

Charge misidentification is very rare for muons since muons can be measured independently in the
inner-detector and the muon spectrometer and thereby has a long lever arm to determine curvature
of the track.

8.3 Fake background

The fake factor method [62] is a data-driven method developed to estimate the background contri-
bution from processes where one or more leptons are fake leptons. As defined above, the term fake
leptons refers to both non-prompt leptons and other misidentified objects which are reconstructed
as a lepton. In this section, the fake factor method is first presented. The usage of the fake factor
method in the analysis is then described. In order to successfully apply the fake factor method, it
is crucial to have a good understanding of the background composition and thereby the kinemat-
ics of the events which are to be estimated. Composition studies are thus made for each of the
three final state leptons. Thereafter, the muon and electron fake factors used to estimate the fake
contribution from the subleading muon and electron respectively are studied separately.

8.3.1 The Fake Factor Method

In the fake factor method, the number of background events with one of more fake leptons is esti-
mated using fake factors (F'). The fake factors are measured on a dataset which is different from
the one used in the signal region, i.e. exactly two leptons are required where the signal region has
three leptons. This region is called the measurement region. The composition of the fake leptons
in the measurement region needs to be similar to the fake leptons in the signal region.

The fake factor is determined using two sets of lepton identification criteria: ID criteria which
is the signal lepton identification used in the analysis; and anti-ID criteria which is designed to be
enriched in fake leptons. The anti-ID criteria are defined by relaxing or inverting one or more of
the ID criteria applied for the identification and isolation variables.

The fake factor is defined as the ratio between the number of fake leptons in the measurement
region which satisfy the ID criteria and anti-ID criteria respectively:

NisSir (i) — Nig'ir- (0)

F(i) = - - - -
Néir?tt'd—ID,MR(Z) - Ngﬁ?}-%?MR(Z) 7

(8.6)
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Background process

Origin in signal region

Estimation strategy

Irreducible SM background processes

Z(— 77) (3)
Z(— pp) (31)
77 (4l)
HW (31)
ttZ (4l)

WEWEWT (31)
WEWTZ (41)

Can mimic signal signature
Charge misidentification of muon
Missed 4th lepton

b-jet fails identification

b-jet fails identification, missed 4th lep-
ton

Can mimic signal signature
Missed 4th lepton

Monte Carlo
Monte Carlo
Monte Carlo
Monte Carlo
Monte Carlo

Monte Carlo
Monte Carlo

Reducible SM background processes

tt, tW, tIV (21)
Z(— pp)+jets

Jet fakes 3rd lepton

Jet fakes electron and charge misiden-

Data-driven™

Data-driven™

tification
Jet fakes muon Data-driven™
Jet fakes 3rd lepton

Jets fake 2 leptons

Z(— 77)+jets

WW (20)

t, Wjets, VV (11)
Other processes (01)

Data-driven™
Data driven”®

Jets fake all 3 leptons Data-driven™

Table 13: Summary of the background processes for a trilepton final state.
*: Except for reducible background events containing a fake leading muon and real subleading muon
and electron. These events are estimated using MC.

where N is the number of events, and ¢ refers to the ¢/th bin of F' which is typically in terms of pr
and/or more variables which F' depend on. The subscript “MR” indicates that the measurement
region is used. By subtracting the number of MC events where the lepton is real, denoted N{Bﬂl\dhﬁc
and Nreal %\{IDCMR, it is ensured that both the numerator and denominator consist of only fake lepton
events to avoid double counting events. The relevant binning, which should be used for the fake
factor, depends on how the MR and the ID and anti-ID criteria are defined. When determining
the binning, it is attempted to model the shape of the fake factor distribution as accurate as pos-
sible while still maintaining enough statistics to have a low statistical uncertainty on the fake factor.

When estimating the reducible background in the signal region, the anti-ID criteria are again
applied to a control region identical to the signal region except that the ID criteria for the lepton
is replaced with anti-ID criteria. The estimated number of background events in the application
region, which is the signal region or a control region, with a fake lepton is:

fak dat I MC_ (: .
Nibsr = Z [Nantl 0,58 (1) = Nanti1D,sr (¢ )} F(i), (8.7)
i
where 4 again refers to the binning of the fake factor. The subscript “SR” indicates that the signal
region is used. A schematic presentation of the fake factor regions is shown in Fig. 24]
For a final state with two possibly fake leptons, i.e. a muon and electron, the estimate of the fake
background in the signal region is:

fake data real MC
NID JID —4VID,ID — NID JID

—Z i, (1) = Navtiihap (6)] Fu(i) + Z [N in () = Nit o ()] Fe(5)
J

- Z Z a(Lir?ttlaID antl—ID( ) N:riill %\I/IDCantl 1D (Za ])] F#(Z)Fe(])a (88)
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Fake factor F/ Fake factor F/ regime
measurement region application region

Figure 24: Schematic presentation of the regions applied in the fake factor method. The four regions
are all mutually independent.

where F, and F. refer to the fake factor associated to the possibly fake muon and electron in
the final state respectively. Note that the term for events where both leptons satisfy the anti-ID
criteria has a negative sign opposite to the terms for events with only one lepton that satisfy the

anti-ID criteria. Since fake leptons can satisfy the ID criteria, both the estimate Ni?llgi‘iID’ID and

Nl%lfgnti_m can contain events with two fake leptons, so the additional term is necessary to subtract

off the double counting. The equation used to estimate the number of background events with fake
leptons can easily be generalized to three leptons.

8.3.2 Common Methods for the Muon and Electron Fake Factors

The measurement regions, in which the fake factors are determined, needs to be independent of the
signal region and enriched in fake muons/electrons with a similar composition as the fake muons/-
electrons in the signal region. In order to determine the fake factors, both a measurement region
and ID and anti-ID criteria for the fake lepton have to be defined. In this section, the possible 1D
and anti-ID criteria for the muon and electron fakes are examined and the measurement regions
determined. Ideally, the fake lepton composition should be identical both when comparing the
signal and measurement region and when changing between ID and anti-ID criteria. This will be
studied in the following sections using truch matching for the muon and electron fakes separately,
so in this section only the general strategy for the fake factors is presented.

The ID criteria for the lepton are identical to the criteria applied in the signal region for the
subleading muon/electron. Anti-ID criteria are used to enrich the fake contamination by relaxing
or inverting some of the requirements. The identification and isolation requirements for both the
subleading muon and electron are already very loose, for which the only viable anti-ID definition
is to not apply an isolation requirement.

In order to ensure that the fake factor lepton can have a non-isolated baseline and can be measured
at low pr (pr > 10 GeV for both the muon and the electron), a tag and probe method is used to
measure the fake factors. Exactly two leptons are required so the dataset used for the measurement
region is independent from the one used for the signal region. The tag lepton is required to satisfy
single lepton trigger requirements which are listed in Tab. The probe muon/electron is used to
determine the fake factor and will be referred to as the fake factor muon/fake factor electron and
labeled ppr/err. In order to choose a measurement region which is enriched in fake pupr/epr, the
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tag and probe lepton are required to have the same sign charge.

Single lepton trigger for tag muon

Trigger Offline requirements for fitag
2015 HLT_-mu20_iloose_L1MU15 pr > 21 GeV and Loose isolation selection.
2016 HLT_mu26_ivarmedium pr > 28 GeV and track-based isolation:
S pE/pr < 0.07 in AR < 0.3
2017 Same as for the 2016 dataset Same as for the 2016 dataset

Single lepton trigger for tag electron

Trigger Offline requirements for etag

2015 HLT_e24_lhmedium_L1EM20VH or pr > 25 GeV and MediumLLH identification selection.
HLT_e60_lhmedium or pr > 61 GeV and MediumLLH identification selection
HLT_e120_1lhloose pr(e) > 121 GeV and LooseLLH identification selection.

2016 HLT_e26_lhtight nodO_ivarloose or pr > 27 GeV, TightLLH identification selection and
track-based isolation: 3 p%#¥/pr < 0.1 in AR < 0.2

HLT_e60_1hmedium_nodO or pr > 61 GeV and MediumLLH identification selection.
HLT_e140_1lhloose_nod0 pr > 141 GeV and LooseLLH identification selection.
2017 Same as for the 2016 dataset Same as for the 2016 dataset

Table 14: The lowest un-prescaled single lepton triggers |[46] which were used to collect the dataset
during the three data taking periods 2015-2017. They are applied in the measurement regions.
When “nod0” is applied in the trigger name, it is indicating that no transverse impact parameter
requirements are made. “L1” in the trigger name indicates which Level-1 trigger the event should
be seeded by.

Table [15| shows the measurement region definition. In order to ensure a similar composition of fake
leptons in the measurement regions as in the signal region, the EWs8 < 60 GeV requirement is also
applied in the measurement region. The tag muon is required to be as tight as the leading muon
in the signal region in order to ensure similar kinematics. The tag electron is similarly required to
fulfill tight identification criteria and isolation selection and the recommended impact parameter
requirements.

The impact parameter requirements |Azpsin(f)| < 0.5 mm and |do|/o(dp) < 10 can also be in-
verted for the anti-ID definition. This is not used since the impact parameter requirements are
primarily suppressing pile-up events in the signal region. Since the composition of both fake muons
and electrons in the SR is mostly from semi-leptonic heavy flavor decays, it is not desired to make
the anti-ID region more pile-up enriched.

The fake factor depends on kinematic variables of the event which can be the lepton transverse
momentum, the number of jets (specifically b-jets), the lepton impact parameters, the missing
transverse energy and the pseudorapidity of the fake lepton. The dependency of the different vari-
ables is related to both the ID and anti-ID criteria used and the composition of the fake lepton in
the MR. When determining the binning of the fake factor, it is important to get the right shape
of the fake factor while still maintaining a reasonable amount of statistics.

8.3.3 Fake composition studies with MC

The composition of leptons is studied in MC using truth information, see Sec. [6.3] Since the fake
factors often depend on the pr of the lepton, the composition is shown as a function of pr for the
leading muon, subleading muon and electron. When applying studies of the fake composition in
the MC, it is important to keep in mind that fake leptons are expected to be poorly modeled in
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Measurement region requirements

+ =+
1. ltaglprobe

Single lepton trigger matched to lag, see Tab.
EF'S < 60 GeV

Tag muon Tag electron
4. pr > 27 GeV pr > 27 GeV
5. In| < 2.5 || < 2.47 except 1.37 < |n| < 1.52
6. Identification Tight and Combined  Identification TightLLH
7. Isolation FixedCutTightTrackOnly Isolation FixedCutTight
8. |do/o(do)| < 3 |do/o(do)] < 5
9. |Azpsinf| < 0.5 mm |Azpsinf| < 0.5 mm
Probe muon (urr) Probe electron (err)
10. pr > 10 GeV and pr < 50 GeV pr > 10 GeV and pr < 50 GeV
11. In] < 2.5 || < 2.47 except 1.37 < |n| < 1.52
12. Identification Loose and Combined  Identification LooseAndBlayerLLH
13. |do|/o(do) < 10 |do|/o(do) < 10
14. |Azpsinf| < 0.5 mm |Azosinf] < 0.5 mm
ID FixedCutLoose isolation Gradient isolation
Anti-ID  NOT FixedCutLoose isolation NOT Gradient isolation

Table 15: Measurement region definitions.

MC which is the reason why it is necessary to apply the data-driven fake factor method. The com-
position study is used since it provides the best available overview of the topology of the reducible
background events but it is not expected to be complete.

The categories used in the composition study are:

Isolated: Real leptons.

Non-isolated: Typically leptons from heavy flavor decays.

Hadron: Lepton fakes from light flavor hadrons.

Pile-up: Unknown leptons which usually come from pile-up vertices.

Bkg Lep: Leptons from e.g. photon conversion and decays of light mesons.

Unknown Lep: No production vertex found or the algorithm failed to define the origin.

Leptons which are real are in the isolated category for truth matching, whereas all the other truth
categories describe different fake lepton types. When applying the truth matching algorithm, both
a truth type and origin is provided for each lepton. The main categories defined above refer to the
truth type of the lepton.

The composition of the leading muon is shown in Fig. As mentioned above, the truth compo-
sition is studied as a function of pr in the range from 10-50 GeV using intervals of 5 GeV. Table
[I6] shows both the truth matching type and origin for the leading muon. Four different regions are
included: the signal region where all leptons are required to satisfy the ID criteria; and the three
regions used to estimate the data-driven background, see Eq. for which either the subleading
muon and/or electron are required to satisfy the anti-ID criteria. It is found that it is not necessary
to have a fake factor for the leading muon since it is almost always a real muon.
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Figure 25: Composition of p; in the signal region as a function of pr(u1). The final bin contains all
the events with pp > 45 GeV. The main plot shows the composition as the percentage of events in
the pr bin. In the subplot, the number of events in each pp bin is shown as well as the total number
of events.
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Figure 26: Composition of p2 in the signal region as a function of pr(u2). The main plot shows the
composition as the percentage of events in the py bin. In the subplot, the number of events in each
pr bin is shown as well as the total number of events.
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Figure 27: Composition of e in the signal region as a function of pr(e). The final bin contains all
the events with pp > 45 GeV. The main plot shows the composition as the percentage of events in
the pr bin. In the subplot, the number of events in each pp bin is shown as well as the total number

of events.
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Signal region

Type Origin All ID Anti-ID pg Anti-ID e Anti-ID pg and e
IsoMuon NonDefined 0.640.1 — 0.1£0.0 —
IsoMuon Top 1442 43+4 4.8+1.1 1542
IsoMuon ‘WBoson 6.31+0.9 1+£20 1246 47425
IsoMuon ZBoson 1245 67 5£3 242
NonIsoMuon CharmedMeson 1+1 0.7£0.7 — —
NonlsoMuon BottomMeson 1.9+0.7 - 0.2+0.2 —
BkgMuon CCBarMeson 0.3+0.3 — — —
NonIsoMuon TauLep — 0.1£0.1 — -
Number of events with real yu1: 3346 51421 2147 64425
Number of events with fake p1: 3+1 0.8+0.7 0.240.2 —
Total number of events: 35+6 52+21 21+7 64+25

Table 16: Composition of the leading muon in the signal region classified using truth matching. The
ID and anti-ID criteria are shown in Tab. Negative number of events can appear due to negative
MC weights, see Sec. @ The applied MC events are scaled to an integrated luminosity of £ = 79.8

fb— 1.
Signal region

Type Origin All ID Anti-ID pg Anti-ID e Anti-ID pg and e
Unknown NonDefined -1+1 2+1 — 0.34+0.3
IsoMuon NonDefined 0.640.1 — 0.1£0.0 —
IsoMuon Top 2.1+0.8 - 0.240.2 —
IsoMuon ‘WBoson 1.3+0.2 — 0.240.1 —
IsoMuon ZBoson 6+1 1.240.7 0.7£0.1 —
IsoMuon Higgs — - — —
NonIsoMuon TauLep 0.34+0.3 0.9£0.5 - 0.4+0.3
NonIsoMuon CharmedMeson 443 -16+19 343 13+11
NonlsoMuon BottomMeson 17+4 6048 16+6 2749
NonlsoMuon CharmedBaryon 3+3 0.3+0.3 - —
NonIsoMuon BottomBaryon 1.54+1.0 443 1.1+0.5 23+21
BkgMuon PhotonConv — 0.3+0.3 - —
BkgMuon CCBarMeson 1+1 - - 0.3+0.3
Number of events with real pa: 10+1 1.2+0.7 1.3+0.2 —
Number of events with fake po: 2546 51421 20+7 65426
Total number of events: 35+6 52421 2147 64+25

Table 17: Composition of the subleading muon in the signal region classified using truth matching.
The ID and anti-ID criteria are shown in Tab. Negative number of events can appear due to
negative MC weights, see Sec. [6.2] The applied MC events are scaled to an integrated luminosity of

L =798 fb~1.

Figure shows the composition of the subleading muon and Tab. shows the truth origin
and type for the subleading muon. The majority of the background events have a fake subleading
muon which primarily arise from semi-leptonic decays of b-quarks in mesons.

Figure [27] shows the composition of the electron. Due to the very low statistics for the electron
fake contributions, the uncertainties on the composition components are very large. The truth
origin and type for the electron are shown in Tab. Table [18| shows a detailed list of the truth
composition for the electron. It is found that the primary source of fake electrons is again through
semi-leptonic decays of b-quarks in mesons but there is a contribution from both misidentified light
flavor jets and leptons from e.g. photon conversion. This means that, as expected, the muon and

electron fake factors will not necessarily be equal.

44



Signal region
Type Origin All ID Anti-ID pg Anti-ID e Anti-ID pg and e
UnknownElectron = NonDefined 0.5+0.1 - 0.1+0.0 —
IsoElectron Top 1542 38+3 1.440.6 441
IsoElectron WBoson 1.840.7 611 0.3£0.2 0.7+0.4
IsoElectron ZBoson 16+6 4+6 3+3 0.84+2
IsoElectron Higgs — - — —
NonlIsoElectron TauLep 0.1+0.0 0.5+0.4 0.6+0.4 0.84+0.5
NonlIsoElectron CharmedMeson — 1.14+0.6 0.1£0.0 0.8+0.5
NonlIsoElectron BottomMeson 1.440.6 1145 1045 38+22
NonlsoElectron BottomBaryon 0.3+0.3 4+4 0.1+0.1 3+4
BkgElectron PhotonConv 0.4+0.3 3£2 0.4+0.3 0.3+0.3
IsoMuon ZBoson 0.1+0.0 - 1+1 1+1
Hadron NonDefined 0.3+0.1 -16+19 442 13+11
NonlsoElectron CharmedBaryon — - - 0.3+0.3
Number of events with real e: 3246 48+7 543 6+2
Number of events with fake e: 3+1 3420 1616 57+25
Total number of events: 35+6 52421 21+7 64+25

Table 18: Composition of the electron in the signal region classified using truth matching. The ID
and anti-ID criteria are shown in Tab. Negative number of events can appear due to negative
MC weights, see Sec. [6.2] The applied MC events are scaled to an integrated luminosity of £ = 79.8
b1

8.3.4 Model stability checks

The fake factor model is dependent on the definition of ID and anti-ID criteria which are used
to separate real and fake lepton contributions. When the ID and anti-ID criteria are changed,
the statistics in both the application region (signal region or control region) and the measurement
region are changed accordingly. In order to check the stability of the fake factor method against
changes in the ID and anti-ID definition, additional muon and electron fake factors are determined
using looser isolation selections than those chosen in the signal optimization. When changing the
isolation selection to a looser selection, i.e. more efficient, some of the events which satisfied the
anti-ID criteria for the tighter isolation selection will satisfy the ID criteria instead given the looser
isolation selection. This results in larger fake factors, see [8.6] These regions will be used to test
the model stability and assign a systematic uncertainty in Sec. [0

The tested isolation selections are all listed in Tab. Only the isolation selection is changed, so
all additional requirements used to define the muon- and electron measurement regions will remain
constant. In Tab. 20} the ID and anti-ID criteria used in all the applied fake factor measurement
regions are listed, which shows that they all are defined using a non-isolated baseline.

Working point Object Calorimeter isolation Track isolation

Loose e+ p € =99% € =99%

Gradient e+ € =(0.1143*pT[GeV]+92.14)% € =(0.1143*pT[GeV]+92.14)%
FixedCutLoose o Cut: topoetcone20/pT<0.3 Cut: ptvarcone30/pT<0.15
Loosened m Cut: topoetcone20/pT<0.4 Cut: ptvarcone30/pT<0.20
FixedCutLoose

Table 19: Definitions of the isolation selections applied to define the ID and anti-ID criteria for the
muon and electron fake factors. The combined isolation efficiency for the Loose WP is 99%. For the
Gradient WP, the combined isolation efficiency is € = 90%/99% for pr = 25/60 GeV.
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Fake factor ID criteria Anti-ID criteria

Muon Satisfy FixedCutLoose Not satisfy FixedCutLoose

Muon Satisfy Loosened FixedCutLoose Not satisfy Loosened FixedCutLoose
Muon Satisfy Loose Not satisfy Loose

Electron Satisfy Gradient Not satisfy Gradient

Electron Satisfy Loose Not satisfy Loose

Table 20: ID and anti-ID criteria used for all the applied fake factor measurement regions.

8.3.5 Muon Fake Factor

The muon fake factor will be used to estimate the contribution from fake subleading muons in
the signal region. In this section, three sets of fake factors will be determined for which the only
difference is the isolation selection used for ppp which define the ID and anti-ID criteria. As
mentioned in the previous section, the three isolation selections are: FixedCutLoose, Loosened
FixedCutLoose, and Loose, see Tab. In the analysis below, I will focus on the fake factor using
the FixedCutLoose isolation, which is the isolation selection chosen in the optimization study of
the signal region.

The muon measurement region is defined in Tab. [I5] where the tag lepton is either an electron
or muon and the probe lepton is a muon: e*p® and p*p*. Due to the very low rate of charge
misidentification for muons, it is possible to use the p*pu* channel without any need to apply a
specific cut to reject real muons from Z-boson decays.

The muon measurement region is primarily targeting events from W +jets and tf events. Fig-
ure shows the distribution of pr(urr) in the MR using the ID criteria. The plots show that
the MC is similar for the two channels: e*p* and p*p®*, and that the dominating MC is W+jets
when a b-jet veto is applied and ¢t dominates when Np.jets > 1. It is also shown that either the MC
simulations model the data very poorly in this fake-enriched MR or there can be some additional
missing processes for which MC does not exist. Similarly, Fig. shows the distribution of pr(urr)
in the MR using the anti-ID criteria.

Figure 30| shows the composition of the ppp in the muon MR as a function of pr(upr). The plots
show that the majority of upr has low pr from 10-20 GeV and arise from semi-leptonic heavy
flavor decays, “non-isolated” type, which corresponds to the composition of the subleading muon
in the signal region. When applying a b-jet veto, a part of the fake muons in the MC events are
labeled as “unknown” type with “non defined” origin which often refer to fake leptons from pile-
up. Assuming that pupp in these events are indeed originating from pile-up, then it is important
that the binning of the fake factor take into account the kinematic differences between fake muons
arising from heavy flavor decays and from pile-up.

When determining the fake factor, see Eq. the number of MC events for which ppp is real
is subtracted from the number of data events. Due to the same-sign requirement for the tag and
probe lepton, the amount of MC with a real upp is low. The majority of the subtracted MC origins
from diboson events for Ny jets=0 and ¢t events for Ny jets > 1. The tight requirements applied
for the tag lepton, which is the leading muon in the p*pu* channel and the electron in the e®p®
channel, is ensuring that the large majority of the tag leptons are real leptons. But only the fake
factor muon is required to be real in the subtracted MC, so the events where the tag lepton is not
real can contribute as well. Diboson events from W Z all-leptonic decays can contribute if a lepton
from the Z-boson decay is lost. Furthermore, events where one lepton charge is mis-identified
can contribute e.g. through Z-boson decay to u*uF and 757F and through WW events. Events
from ¢t production can also contribute if one of the leptons is charge-flipped or if the tag lepton is
originating from an energetic semi-leptonic heavy flavor decay.
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Figure 29: The muon measurement region with anti-ID criteria for pupp. Distribution of pr(urr).
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the range of the histogram.
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Table [21| provides an overview of the number of data events, number of MC events with a real upp
and the average fake factor in each of the muon MRs for the three considered isolation WPs. It
is shown that the Loose isolation selection is with an average fake factor of 5.8 very bad at dis-
criminating fake and real leptons compared to the FixedCutLoose and Loosened FixedCutLoose
isolation selections. In the next section, the muon fake factor is determined for the case where the
ID and anti-ID criteria are defined using the FixedCutLoose isolation selection.

| Nl /108 N2 /10° NEETMO/10° NILMC/10° Faverage
FixedCutLoose | 45.440.2 102.74+0.3 4.7+0.14 0.39+0.05 0.35
Loosened 56.740.2 91.54+302 4.840.15 0.2740.03 0.57
FixedCutLoose
Loose 126.84+0.4 21.44+0.15 4.9+ 0.14 0.2140.03 5.8

Table 21: Number of data events, number of MC events (with a real upp) and the average fake
factor in the applied muon measurement regions. The isolation selections used to determine the ID
and anti-ID criteria are listed.

8.3.6 Binning of the Muon Fake Factor

In this section, the binning applied for the muon fake factor is determined. The isolation selection
FixedCutLoose is used for pupp. The fake factor dependency is determined for the following
variables: Ny_jets, Pr(urr), |1|(urr), |dol/o(do)(prr), |Azosin(8)|(prr), Niets, and EF'S. In order
to avoid large errors on the fake factors while still maintaining a good description of the shape,
two fake factor bins are merged if they are consistent within their statistical uncertainties. The
size of the considered muon fake factor appear to depend on the variables: Ny jets, D1 (UFF), Niets,
and |do|/o(do)(prr). The fake factor bins are determined in the following order to ensure that
correlations and statistics are taken into account properly:

1. Binning as a function of Np_jets.

1. Binning each Ny jets bin as a function of pr(urr).

2. Binning each Ny jets and pr(prr) bin as a function of Njegs.

3. Binning each Ny_jets, pr(prr) and Nies bin as a function of |do|/o(do) (1rr).

Statistically consistent fake factor bins will be merged doing each step. In all plots of the fake
factors in this section, the range of each bin is shown using horizontal errorbars. Statistical uncer-
tainties are shown on the vertical errorbars.

First, the fake factor dependency on Ny _jets is considered. Figure shows the fake factor as
a function of Ny jets. The fake factor clearly depends on Ny,_jets, so the fake factor is divided into
the two regions: Np.jets = 0 and Np_jets > 1. Since a b-jet veto is applied in the signal region,
the fake factors determined in the Ny jets = 0 measurement region will be used to determine the
data-driven fake background in the signal region. Still, fake factors for Vi jes > 1 will be con-
structed too in order to check the stability of the model and estimate the fake background in a
control region where Ny jets > 1. In the following section, I will focus on the fake factor for which
Nb—jets =0.

Figure[32]shows the fake factor as a function of the six variables: pr(upr), [n|(1rr), |do|/o(do)(1Fr),
|Azgsin(0)|(prr), Niets, and ERSS. Tt is found that the fake factor shape is most dependent on
pr(urr) and this variable will be applied to bin the fake factor. Figure included in appendix
Sec. [F] shows in detail the fake factor dependency on the transverse momentum of the fake factor
muon and the applied binning of the fake factor as a function of pr(upr). The bins are defined in
the following ranges of pr(upr): 10-20 GeV, 20-30 GeV, 30-40 GeV, and 40-50 GeV.
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Figure 31: Muon fake factor as a function of Ny_jets. The ID and anti-ID criteria are defined using
the FixedCutLoose isolation selection.

The fake factor dependency on the variables |do|/o(do)(urr), EX5, and Njes is examined again
for the four fake factor bins in pr(upr). The figures applied in this study are all included in ap-
pendix Sec. Figure m shows the fake factor as a function of ES. There is no clear tendency
in the Ess dependency across the four pr(purr) bins so this variables will not be used to bin the
fake factor. Figure shows the fake factor as a function of |dy|/o(dy)(prr). The plots show
that the fake factor varies as a function of |dy|/o(dp)(prr) and there is a clear tendency that the
fake factor decreases for an increasing |do|/o(do)(uFF)- shows the fake factor as a function of
Njets- It is found that the fake factors decrease as a function of Njets for all the four pr bins. It
is chosen to use the variable Njcs to bin the fake factors and consider the fake factor dependency
of |do|/o(do)(urr) for each of the fake factor bins in pr(urr) and Njes. Two bins are used as a
function of Njets defined by: Niets < 2 and Njers > 2. In Fig. the applied bins in Njes are
shown on the figures in the right hand side.

Figureshows the fake factor as a function of |dy| /o (do) (1rr) for the four pr bins with Njeys < 2.
Similarly, Fig. [L07|shows the fake factor as a function of |dg|/c(do)(prr) for the four pr bins with
Niets > 2. Again, it is found that the fake factor decreases when |do|/o(do)(prr) increase. Two bins
are applied as a function of |dy|/o(do)(prr): |dol/o(do)(prr) < 2 and 2 < |dg|/o(dp)(urr) < 10.
The final muon fake factors are shown in Fig. [33] For the fake factor shown in Fig. [33a] with the
binning 10 GeVpr(urr) < 20 GeV and Njeis > 2, the fake factor estimated for the two bins in
|do|/o(do)(prr) are consistent within the statistical uncertainties so the two bins are merged.

A study of the fake factor dependencies is similarly made for the muon measurement region for
which Ny _jets > 1 and the measurement regions applying looser isolation selection. These results
will be used later to check closure and solidity of the method against data. Studies showing the
fake factor dependencies in these measurement regions are included in appendix Sec. Table
shows the applied binning of the muon fake factors in all the considered measurement regions
defined by the isolation selection of pupr and the Vi jets requirement. All additional requirements

for the measurement regions are constant, as listed in Tab. ?77.
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Figure 32: Muon fake factor as a function of: pr(urr); [n|(urr); |do|/o(do)(urF); |Azo sin(0)|(urF);
Njets; and E75. The ID and anti-ID criteria are defined using the FixedCutLoose isolation in the

muon measurement region with Ny _jets = 0.
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Figure 33: The final muon fake factor binning. The ID and anti-ID criteria are defined using the
FixedCutLoose isolation in the muon measurement region with Ny_jets = 0.

Measurement region

Applied fake factor bins

Isolation Nb_jets ‘ pr(prr) Njets |do|/o(do)(prr) [n](prr)
FixedCutLoose 0 4 bins 2 bins 2 bins —
FixedCutLoose >1 3 bins 2 bins — —
Loosened 0 4 bins 2 bins 2 bins —
FixedCutLoose

Loosened >1 4 bins 2 bins — —
FixedCutLoose

Loose 0 5 bins 2 bins — 3 bins
Loose >1 4 bins — — 3 bins

Table 22: The applied fake factor bins in each of the muon measurement regions. The measurement
regions are defined by the isolation selection used for prr which defines the ID and anti-ID criteria,
see Tab. @ and the requirement for Ny,_jets. All the final fake factor bins are included in appendix

Sec. E

52



8.3.7 Electron Fake Factor

The method used to determine the electron fake factors follows the one used for the muon fake fac-
tors in the previous section. For the electron, two sets of fake factors are determined for which the
ID and anti-ID criteria are defined using the Gradient and Loose isolation selections, see Tab.
The isolation selection Loose is also applied in order to test the model stability for changing ID
and anti-ID criteria, see Sec. Again, the focus in this section will be on the fake factor for
the isolation selection chosen in the optimization study of the signal region which is the Gradient
isolation.

The electron measurement region is defined in Tab. [I5] where the tag lepton can be either an
electron or a muon: e*e*p*et. For the channel e*e*, real SM background from the Drell-Yan
process Z — eteT can make a relatively large contribution to the MR due to the higher rate
of electrons reconstructed with an opposite charge due to photon conversion. The two electron
measurement region channels are studied in Fig. which shows the dilepton invariant mass dis-
tribution: M (eq, e) for the channel e*e® and M (p,e) for the channel u*e®. For the figures on
the right hand side, epg is required to be real which is exactly the real MC background that needs
to be subtracted when determining the fake factor. It is found that for the channel e*e*, the hard
requirement M (e, ez) < 50 GeV makes the region much more fake enriched but also rejects a lot

of the data.

Table 23] shows the number of data events, MC events and the average fake factor when applying
the two electron measurement regions: p*e® and efe® with a hard Z-veto of M (ey,e2) < 50 GeV.
The requirement Ny_jets = 0 is applied. The table shows that the measurement region defined by
ptet is much more fake enriched than e*e® and that the fake factors in the two channels are not
mutually consistent. In the measurement regions with Ny jets = 0, fake leptons from the W4-jets
process are targeted for which the fake lepton should be kinematically independent of the tag
lepton and thus not affect the fake factor. The difference in the estimated fake factors could be
that the MC modeling of charge misidentification of electrons is not properly scaled or otherwise
not sufficient to make an accurate subtraction of the Z-boson events in the e*e* channel. In order
to avoid making a bias for the electron fake factor, only the u*e® channel is used to define the
electron measurement region, see Tab. [I5]

Channel pr(epr) \ Ngata /103 Ndata /103 Nigal MC /103 Nreal MC /103 Faverage
ptet 10-50 GeV 42.940.2 74.0£0.3 2.140.1 0.34+0.04 0.553-+0.004
efet 10-50 GeV 26.540.2 36.940.2 5.64+0.3 2.840.2 0.602+0.011
ptet 10-20 GeV 35.240.2 63.3+0.3 0.84+0.06 0.1340.02 0.5434-0.004
etet 10-20 GeV 23.440.2 35.3+0.2 3.6+0.3 2.440.2 0.60+0.01
ptet 20-30 GeV 4.3340.07 6.97+0.08 0.5140.05 0.13£0.03 0.558-+0.014
etet 20-30 GeV 2.2240.05 1.2940.04 1.540.2 0.23+0.05 0.64+0.17
pEet 30-40 GeV 2.1740.05 2.5940.05 0.46+0.06 0.053+0.02 0.67+0.03
etet 30-40 GeV 0.6340.03 0.2240.02 0.5140.05 0.1340.03 1.440.8
ptet 40-50 GeV 1.240.05 1.1040.03 0.3340.03 0.035+0.002 0.8240.05
etet 40-50 GeV 0.2440.02 0.054+0.007 0.3040.02 0.036+0.007 -3.3+2.4

Table 23: Comparison of the number of data events, MC events (with a real epp) and the average
fake factor in the electron measurement regions when requiring a muon as the tag lepton (,uiei)
and similarly when requiring an electron as the tag lepton (eiei). The isolation selection Gradient
is used to define the ID and anti-ID criteria, and Ny,_jets = O is required.

Figure |35| shows the distribution of pr(epr) in the electron measurement region. The distribution
is showed for both the measurement region where ID and anti-ID criteria are applied and where
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Figure 34: Comparison of the electron measurement region using the channel e*e* and p*e* with
ID criteria for epp and Np_jets = 0. Distribution of the dilepton invariant mass: M(e1,e2) for
the eTe® channel, and M (u,e) for the uTe® channel. The blue line indicates the sum of the SM
background processes and the dashed area the corresponding statistical uncertainty. The last bin in
the histogram includes all events with values larger than the range of the histogram.
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truth matching is used to require epg to be a real electron. It is found that W+jets MC events and
tt MC events are the primary MC contribution in the electron measurement region for Npjets = 0
and Nyjets > 1 respectively. It is also shown that the region is highly fake enriched with only a
small fraction of MC events with a real epp arising from: diboson events; tf events; and Z — 77T
events. Finally, it is shown that the electron measurement region with ID and anti-ID criteria
targets similar MC events.

In the signal region, very few MC events have a fake electron. The low statistics for fake electrons
in the signal region results in very large uncertainties on the composition study which showed that
the composition is a mix of fake electrons from heavy flavor decays labeled “non-isolated”, elec-
tron fakes which originate from light flavor jets labeled “hadrons”, and electron fakes from photon
conversion and decays of light mesons labeled “bkg lep”.

The composition of epp in the electron MR is studied in Fig. The truth matching for epp in
the MC events shows that the composition of fake epp is also a mix of electrons from the three
fake sources: “non-isolated”; “hadrons”, and “bkg lep”. When epp satisfy the anti-ID criteria, the
fraction of events arising from electron fakes originating from light flavor jets (“hadrons”) increases
slightly. Ideally, the composition of the fake electron events should be similar in the numerator and
denominator of the fake factor. Since the fake electrons of truth type “hadrons” tend to be less
isolated than the fake electrons of truth type “non-isolated”, the difference in the fake composition
can result in slightly smaller fake factors. In Sec. [J] are systematic uncertainties of the model
examined where differences in the fake composition are taken into account.

Due to the limited statistics for the composition of fake electron events in the signal region, it is
not possible to determine how well the composition of fake electrons in the signal region matches
the composition in the measurement region. The kinematic differences between the three types of
fake composition (“non-isolated”, “hadrons” and “bkg lep”) are studied using the electron mea-
surement region. The study is included in appendix Sec. It is found that the fake electrons
of type “non-isolated” tend to be the most isolated and the fake electrons of type “hadrons” the
least isolated. Furthermore, the fake electrons of type “non-isolated” tend to have a higher pr,
|do|/o(dp) and |Azgsin(f)|. This shows that the necessary binning of the fake factor will depend
on the electron composition.

Table 24 provides an overview of the number of data events, number of MC events with a real epp
and the average fake factor in each of the electron MRs. It is shown that the Loose isolation is
worse at discriminating fake and real leptons than the Gradient isolation as expected.

| N5t /10° N2 /10° NEEMC/10° NIENC/10° Fuverage
FixedCutLoose | 48.2+0.2 84.9+0.3 2.9140.1 0.51£0.04 0.54
Loose 78.0+0.3 55.0+0.2 3.3+0.1 0.14+0.02 1.36

Table 24: Number of data events, number of MC events (with a real upp) and the average fake
factor in the applied electron measurement regions. The isolation selections used to determine the
ID and anti-ID criteria are listed.
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Figure 35: The electron measurement region with ID and anti-ID criteria for epg. Distribution of
pr(epr). The blue line indicates the sum of the SM background processes and the dashed area the
corresponding statistical uncertainty. The last bin in the histogram includes all events with values

larger than the range of the histogram.
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Figure 36: Composition of epp in the electron MR as a function of pr(epp) when requiring epg to
satisfy the ID criteria (top plots) and the anti-ID criteria (bottom plots). The final bin contains all
the events with pp > 45 GeV. The main plots show the composition as the percentage of events in
the pp bin, whereas the subplots show the number of events in each pp bin and the total number of

events.
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8.3.8 Binning of the Electron Fake Factor

In this section, the binning applied for the electron fake factor is determined. The isolation selec-
tion Gradient is used for epp. The procedure used in this section is similar to the one applied in
Sec. 18.3.6] for the muon fake factors.

Figure shows how the fake factor depend on Ny jets. Again, it is found that the fake factor
has a clear dependency on Ny_jets, so the fake factor is divided into the two regions: Np.jets = 0
and Nyjets > 1. The fake factor determined in the Ny jets = 0 measurement region will be used
to determine the data-driven fake background in the signal region. The fake factors determined
in the Ny jets > 1 measurement region are constructed too in order to check the stability of the
model in a control region with Ny jets > 1. In the following section, I will focus on the fake factor
for which Ny_jets = 0.

0.60- ATLAS

[ rokeracr]
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0.45 - .

Fake factor

0.40 -

0.35- 8

-0.5 0.0 0.5 1.0 15 2.0 2.5 3.0 3.5
Nb — jets
J

Figure 37: Electron fake factor as a function of Ny,_jets. The ID and anti-ID criteria are defined using
the Gradient isolation.

Figure[38shows the fake factor as a function of these six variables: pr(err), [n|(err), |do|/o(do)(erF),
|Azg sin(0)|(err), Njets, and E. The following figures used in this study are included in ap-
pendix Sec. [F] Figure shows in detail the fake factor dependency on the transverse momentum
of the fake factor electron. The shape of the fake factor as a function of pr(epr) reflects that
the ID and anti-ID criteria are defined using an efficiency based isolation selection based on a cut
map. This can make it more difficult to determine the appropriate binning since the fake factor
distribution can make rapid jumps when the efficiency requirements change. The majority of the
fake electrons have small pr(epr), which makes it possible to apply relatively small bin widths in
this area and thereby get a more accurate description of the fake factor dependency on pr(err)
without having too low statistical uncertainties in each bin. The bins are defined in the following
ranges of pr(epp): 10-13, 13-15, 15-17, 17-35, and 35-50 GeV.

The fake factor dependency of the variables |dg|/o(dp), |Azosin(f)| and || for epr and EX5 and
Njets are examined again for the fake factor in each of the five py(epr) bins. Figure shows
the fake factor as a function of |dg|/o(dg) and |Azgsin(8)| for epp. For small pr(epr), the fake
factor increase when the impact parameter variables increase. Figure shows the fake factor as
a function of |n|(epr) and EX. In all the pr(epp) bins, the fake factor tend to increase when
In| > 1.5. The fake factor dependence on E}S is not showing a clear tendency across the five bins
in pr(epr). Neither |n|(epr) or EF are used to bin the fake factor in lack of a clear shape depen-
dency. Figure[124]shows the fake factor as a function of Njets for each of the five pr(epr) bins. It is
found that for all the pr bins, the fake factor decreases when the number of jets increase. In order
to get the best description of the fake factor dependencies, it is chosen to apply bins as a function
of Njets and afterwards consider the fake factor distribution as a function of |dy|/o(do)(err) to
ensure a good description of the fake factor shape for low pr fake electrons. Two bins are applied
as a function of Njets: Njets < 2 and Njess > 2.
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Figure 38: Electron fake factor as a function of: pr(err); [nl(err); |dol/o(do)(erF);
|Azgsin(0)|(err); Njets; and EXE'™S. The ID and anti-ID criteria are defined using the Gradient
isolation in the electron measurement region with Ny_jets = 0.

The fake factor dependency on |dy|/o(do)(err) is examined in Fig. for the fake factor bin
Njets < 2 and the five bins in pr(epr) and similarly in Fig. for Njets > 2. Two bins are
applied: |do|/o(do)(err) < 3 and 3 < |dg|/o(dp)(err) < 10. The final bins applied for the electron
fake factor are shown in Fig. It is found that the two bins in |dy|/o(do)(err) are consistent
within the statistical uncertainties for the three fake factor bins with largest pr(epr) and therefore
merged, so bins in |dy|/o(do)(err) are only applied for the fake factor with lowest pr(err) as
expected.

A study of the fake factor dependencies is similarly made for the electron measurement region for
which Ny_jets > 1 and the measurement regions applying looser isolation selection. Studied showing
the fake factor dependencies in these measurement regions are included in appendix Sec. [F] Table
shows the applied binning of the electron fake factor in all the considered measurement regions
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Figure 39: The final binning for the electron fake factor. The ID and anti-ID criteria are defined
using the Gradient isolation in the electron measurement region with Ny,_jets = 0.

defined by the isolation selection for epr and the Vi jets requirement. All additional requirements
for the measurement regions are constant, as listed in Tab.

Control Regions

The stability of the fake prediction against data is studied in three control regions which are kine-
matically similar to the signal region. It is necessary to use control regions to check the agreement
between data and the estimated background since data can not be applied in the “blinded” signal
region in order to ensure that a bias is not introduced in the background method. The control
regions should therefore be similar but independent to the signal region so no signal is expected in
these regions while the kinematics are similar. The control regions are also used to estimate the
systematic uncertainties on the fake prediction in the following section.
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Measurement region Applied fake factor bins

Isolation Nojets ‘ pr(prr) Njets |do| /o (do) (prr)
FixedCutLoose 0 5 bins 2 bins 2 bins
FixedCutLoose >1 3 bins — 3 bins
Loose 0 5 bins 2 bins 2 bins
Loose >1 3 bins 2 bins 2 bins

Table 25: The applied fake factor bins in each of the electron measurement regions. The measurement
regions are defined by the isolation selection used for epp which defines the ID and anti-ID criteria,
see Tab. [20} and the requirement for Ny_jets. All the final fake factor bins are included in appendix

Sec. E

Three control regions are defined as neighboring the signal region by inverting exactly one sig-
nal requirement and loosening the charge requirement of the electron to also include fake lepton
events from the all same-sign region. By using several control regions, the available statistical
size of background samples is increased and it is better examined if the background estimation is
stable. Table [26] shows the requirements applied to the three control regions.

Control region  Lepton charge requirement Inverted signal region requirement
1 pEptet + ptutet M(p1, p2,e) < 40 GeV or M (p1, pu2,e) > 90 GeV
2 pEute™ + pFutet Npojets > 1
3 ptuteT™ + ptptet ERmiss 5 60 GeV

Table 26: Definitions of the three control regions. Excpept for the inverted requirement, all the
signal region requirements are applied in the control regions, see Tab. [[]]

Control region 1 is defined by inverting the trilepton invariant mass requirement. The trilepton
mass requirement is applied in the signal region due to the correlation between the W-boson mass
and the trilepton final state in the signal samples and not targeting any specific background pro-
cesses. This requirement is thus not changing the type of background processes significantly from
the background processes seen in the signal region. Control region 2 is a b-jet enriched region.
The region has a big contribution from the ¢t background process. In the previous sections, it was
found that the presence of b-jets in the measurement region changes the shape and normalization of
the fake factors. Separate fake factors were measured in b-jet enriched measurement regions which
will be applied to estimate the fake background in control region 2. Control region 3 is defined
by inverting the ES requirement. The background processes which have large EX have either
one or more energetic SM neutrinos in the final state that arise from Z- or W-boson decays. The
control region is thus enriched in ## and diboson background. Pile-up or miss-reconstructed final
state particles can also contribute to the EXS. In the previous sections, it was found that the fake
factors did not have a large dependence on EX* when requiring EFs* < 60 GeV. This does not
necessarily mean that the fake factors do not have a large EXS dependence for EX > 60 GeV.
In this analysis, a possible EIs$ dependency for the fake factor has not been taken into account for
the data-driven model. The data-driven estimate is thus expected to be a less accurate reflection
of the fake lepton kinematics in control region 3 compared to control region 1 and 2.

A composition study is made for the final state leptons in the three control regions which is
shown in appendix Sec. [Hl The dominant electron fake type varies for the three control regions as
expected. In control region 1, fakes of type “hadrons” are the dominant contribution, whereas in
control region 2 and 3, fakes of type “non-isolated” are dominating. For all the control regions is
the fake electron type originating from a combination of “non-isolated”, “hadron” and “bkg lep”,
which is also the case in the signal region and electron measurement region. The muon fake type
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is almost exclusively of type “non-isolated”. A small contribution from “pile-up” muons is also
present in all the control regions.

Figure show the distribution of M (ug2,e) in control region 1, 2 and 3 respectively. The
background estimation is consistent with data when applying the FixedCutLoose or Loosened
FixedCutLoose isolation for the subleading muon and the Gradient or Loose isolation for the
electron, where the background estimation performs badly when the Loose isolation selection is
applied for the subleading muon. The Loose isolation selection is very bad at discriminating real
and fake muons, so a lot of fake muons satisfy this requirement. This results in very large fake
factors. In the previous section is was found that the average muon fake factor when applying
the Loose isolation selection is 5.8 where it is 0.35 and 0.57 respectively when the FixedCutLoose
and Loosened FixedCutLoose isolation selections are used. The data-driven in regions using the
Loose isolation selection for muons is thus based on fewer events satisfying the anti-ID criteria
which are multiplied by a very high fake factor, see Eq. Due to the very bad background
modeling when applying the Loose isolation selection for the subleading muon, this region will not
be applied in the next section to estimate systematic uncertainties.

There is a larger discrepancy between data and the background estimate in control region 3 com-
pared to control region 1 and 2. This could be caused by the fake factors not being representative
for the background processes in this region. The fake factor dependency on EX* in the region
with E2is > 60 GeV should therefore be studied in future work when applying this control region.
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Figure 41: Control Region 2 - Ny_jets > 1 requirement. Distribution showing M (u2, €).
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9 Systematic Uncertainties

Several sources of systematic uncertainties affect the background prediction. Experimental uncer-
tainties arise from the modeling of particle reconstruction in the detector simulation, the luminosity
uncertainty and pile-up measurement, and the systematic effects for the data-driven model. Theo-
retical uncertainties arise from: the simulations of the SM background processes and signal process
including the calculation of the cross-sections, the applied parton distribution functions, and the
renormalization and factorization scales governing the QCD coupling strength and the separation
of the hard and soft scale contributions in the cross section [1]. At the time of writing, the ATLAS
analysis group [15], which is doing the 2016 search for prompt HNLs, is in contact with theorists
regarding the calculation of the HNL cross section which can change the normalization of the signal
samples applied. This can also change the theoretical uncertainties for the analysis.

In this analysis, statistical uncertainties are applied for both the data and MC samples. Sys-
tematic uncertainties are estimated for the data-driven method in this section. These systematic
uncertainties will be applied to the fake factors when estimating the data-driven background. Ad-
ditional systematic uncertainties for the MC samples are not applied. Since the large majority of
the SM background processes are estimated using the data-driven model, it is expected that the
systematic uncertainties related to the MC contribution will have a much smaller impact on the
overall background estimation. In a full analysis of the HNL signal, all the systematic uncertainties
mentioned above should be applied in the background estimation.

9.1 Fake factor uncertainties

The systematic uncertainties of the fake factor model are examined in this section. The assigned
systematic uncertainties will be applied to the muon and electron fake factors and will thereby
affect the total uncertainty on the data-driven estimate through the error propagation. In order to
get the total systematic uncertainty, the individual systematic uncertainties are added in quadra-
ture.

The following sources of systematic uncertainties are addressed.

Model stability : The stability of the background estimation is examined by comparing
the agreement of data and the background estimate using different 1D
and anti-ID criteria in the three control regions. The varying fake lepton
composition in the three control regions allows to assign a systematic
uncertainty to the fact that the fake composition in the signal region and
measurement region is not exactly the same.

Subtracted MC : Prompt MC is subtracted from data when determining the fake factor.
The technique therefore relies on the MC being an accurate model of
data. An uncertainty is assigned based on how much the fake factors
change when relevant MC processes are scaled up/down.

Model stability

The agreement between data and the background estimation is examined in this section. Two
separate things are varied in this study: the control region applied which changes the fake lepton
composition; and the ID and anti-ID criteria used, i.e. changing the isolation selection, which
affects the statistics both directly in the region and for the data-driven model. The looser ID and
anti-ID criteria were described in Sec.

The three control regions introduced in Sec. are used to determine the agreement between
data and the background estimation. In the previous section, it was found that the fake lepton
composition changes for the three control regions. In control region 1, the fake electrons are mainly
fakes from light flavor hadrons, whereas the fake electrons mainly arise from semi-leptonic heavy
flavor decays in control region 2 and 3. The stability of the background estimation with respect
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to changes in the background composition is thus tested when comparing data to the predicted
data-driven estimate in the three regions.

The three “loose selections” used in the study are listed in Tab. They are used to define
the ID and anti-ID criteria applied in the fake factor model. A looser isolation selection will allow

more events in the control region but less events in the anti-ID region used to determine the fake
background estimate, see Eq.

Isolation selections used to define the ID and anti-ID criteria
Signal selection Loose selection 1 Loose selection 2 Loose selection 3
Isolation for 2 FixedCutLoose FixedCutLoose Loosened Loosened
FixedCutLoose FixedCutLoose
Isolation for e Gradient Loose Gradient Loose

Table 27: The isolation selections used in the signal region requirements and the three regions used
to check the stability of the background estimation referred to as “loose region” 1, 2 and 3.

The data and background agreement is tested in the two distributions: pr(u2) and pr(e), which
are sensitive to the applied isolation selections. Since the data change when changing the control
region or isolation criteria, the ratio of the number of data events and estimated background events
is considered:

_ Naata

R = .
Npig

(9.1)

Figureshows the ratio R as a function of pr(us2) in control region 1 for the four different isolation
selections listed in Tab. 27} Similar figures are included in appendix Sec. [.I] which shows R as a
function of pr(us2) and pr(e) for the three control regions.

The model stability is tested using the following variable denoted S which quantifies the average
squared difference of R:

1 Npins 9 1/2
_ control region /. control region / -
S= Nb‘ [ § : (Rsignal selection(z) - Rloose selection (l)) ‘| ’ (92)
ins -

where Nypins = 4 for the considered distributions, pr(us2) and pr(e). Table shows S for the
three control regions for each of the isolation selections listed in Tab. [27] The obtained re-
sult for control region 3 using the pr(us) distribution is caused by very small statistics in the
30 GeV < pr(urr) < 40 GeV bin, see Fig. in appendix Sec. and is therefore not applied

when assigning an uncertainty.

The variable S is affected by both changing statistics, due to the varied isolation criteria and
control regions, and by the changing fake lepton composition in the control regions. One combined
modeling uncertainty is thus determined based on the study. The maximum value of S is 0.21, so
a systematic uncertainty of 21% is used to the fake factors as a conservative estimate of the uncer-
tainties related to the model stability against changing statistics through the definition of ID and
anti-ID criteria and variations in the fake composition between the signal region and measurement
region.

The assigned systematic uncertainty is constant for the fake factors in all bins. In future work, it

should be considered whether the systematic uncertainty should vary as a function of e.g. pr of
the fake lepton.
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Figure 43: Control Region 1 - Inverted M (u1, p2,e) requirement. Distribution showing pr(u2).

Control region Distribution Loose selection 1 Loose selection 2 Loose selection 3
1 pr(u2) 0.14+0.61 0.17£1.7 0.16+0.69
1 pr(e) 0.124+0.49 0.124+0.57 0.2140.98
2 pr(u2) 0.05£0.23 0.08+0.49 0.08£0.43
2 pr(e) 0.1240.57 0.13+0.75 0.2040.98
3 pr(p2) 24570 31857 24415
3 pr(e) 0.0240.12 0.16£1.6 0.14+1.4

Table 28: Comparison of the modeling stability defined by S, see Eq. |9.2] The three loose selections
are defined in Tab. For both the pr(u2) and pr(e) distribution Nypins = 4 in the pp range from
10-50 GeV.

Subtracted MC

The systematic uncertainties introduced by the subtraction of MC samples is now examined. In
analyses similar to this one, it is found that a systematic uncertainty can be introduced by the
subtraction of diboson MC samples where the probe lepton is real . In order to determine
how big an influence this can have, a rescale factor is used for the MC subtraction from diboson
samples which is varied up and down by 15%. Similar analyses as apply a 15% scaling of
the subtracted MC as a conservative estimate of how much the normalization factors. The resulting

68



fake factors are compared to the nominal fake factors by determining the percentage difference:

F(err) — Fyviis%(err
Pevviisy = (crr) F(Z;/F)l ( )-100%7

F — B 9
Pyt = (rr) = Fvveiss(Her) o0, (9.3)
F(urr)

Table included in appendix Sec. shows the percentage difference between the fake factors
with and without the 15% scaling of the diboson samples. It is found that the largest difference
is 10% and 5% for the muon and electron fake factors respectively. The systematic uncertainties
governing the MC subtraction are therefore chosen as 10% and 5% for the muon and electron fake
factors respectively.

The two systematic uncertainties for the fake factor methods are added in quadrature to determine
the total fake factor uncertainty. The total systematic uncertainty for the muon and electron fake
factors is 23% and 22% respectively. In order to get the total uncertainty for each fake factor bin
is the assigned systematic uncertainty added in quadrature with the statistical uncertainty. When
determining the signal region requirements based on MC modeling of the background processes in
Sec. a systematic uncertainty of 30% and 50% was applied to the background modeling. This
estimate was thereby roughly comparable to the systematic uncertainty assigned to the data-driven
background estimate.

10 Results

The background estimation method developed in the previous chapters is applied to the signal
region and the sensitivity of the analysis is estimated. The fake background is determined using
the fake factor method where a total systematic uncertainty of 23% and 22% is applied to the
muon and electron fake factors respectively.

Figure shows the distribution of M (u1, pe,e) in the signal region for the five signal samples
with My = 5, 10, 20, 30 and 50 GeV. Table [29 shows the corresponding significance for the five
signal samples and the expected mixing angle sensitivity at 20 based on the background-only hy-
pothesis. The significance, see Eq[7.2] is determined using the five bins shown in Fig. {4} For the
signal samples with My = 5 and 10 GeV, the estimated significance is lower than 20 based on the
background-only hypothesis. Thus for the smallest mass points, the search is sensitive to mixing
angles which are larger than those used to produce the signal samples. When the mixing angle is
increasing, the proper decay length for a fixed HNL mass will be smaller. For the signal samples
with My = 30 and 50 GeV, the estimated significance is higher than 20, so the the probed mixing
angles are smaller than those used to produce the samples.

The relationship between the HNL mass, My, the mixing angle, |VMN\2, and the proper decay
length, ¢, was described in Sec. It was shown that for a constant HNL mass will the proper
decay length increase when then mixing angle decreases. When the mixing angle is changing should
the proper decay length thus be changed accordingly. The effect on the proper decay length are
thereby the signal efficiency in the analysis is not taken into account for the sensitivities listed in

Tab. 29

Figure shows the best exclusion limits for the mixing angle |V, n|? at the time of writing.
In the considered region for My =5 — 50 GeV, the best limits are currently set by the CMS [22]
and DELPHI [19] experiments which lies just above |V,,x|? ~ 1075 in the considered area. Table
shows the sensitivity of the CMS experiment [22] for the HNL mass points applied in this analysis.
The estimated sensitivity for the search in this thesis lies well below the current limits for the mass
points My = 20, 30 and 50 GeV.

Figure shows the distribution of M (us,e) in the signal region for the five signal samples.

A negative number of events, —0.7 + 1.7, is estimated in the first bin of the distribution with
M (g2, e) < 10 GeV. This can simply be a statistical fluctuation but it can also be related to a bad
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Figure 44: Signal region: Distribution of M (u1, p2,e) for the five signal samples.

70

(d) Signal sample: My = 30 GeV, ¢ = 10 pm.



Expected sensitivity of the HNL signal
Based on the data-driven model
M =5 GeV M =10 GeV M =20 GeV M = 30 GeV M =50 GeV

Mixing angle 3.9.107* 1.2-107° 3.8-107° 4.6-107° 3.4-107°
Significance Z | 1.62 0.93 1.92 5.35 4.60
Mixing angle: | 4.9-107* 2.8-107° 4.0-107¢ 1.4-107¢ 1.3-107¢
Significance Z | 2 2 2 2 2

Table 29: The expected sensitivity of the HNL signal to the mixing angle |VuN|2~ The fake back-
ground is estimated using the data-driven model developed in this analysis. All the signal region
requirements listed in Tab. E are applied. The top rows show the significance corresponding to the
the mixing angles applied in the signal samples which were determined for the specific My and cr
values. The bottom rows show the expected sensitivity of the search when requiring a 20 significance
for the background-only hypothesis. The significance is determined using Eq. and binned in the
M (p1, p2, e) distribution using Npjns = 5 in the range from 40 GeV < M (u1, p2,e) < 90 GeV.
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Figure 45: The exclusion region at 95% confidence level (CL) in the |V}, 5|? vs My plane from the
HNL search by the CMS collaboration with 35.9 fb~1 at /s = 13 TeV. The best upper limits
at 95% CL from the searches in DELPH, ATLAS at /s = 8 TeV; and CMS at /s =8
TeV. The figure is from .

multi-fake modeling when the spatial separation between the two leptons is small. In Sec. [G] the
multi-fake background estimation is studied for the cases where AR(u2,€) is small. It is shown
that the signal region requirement AR(us,e) > 0.2 helps ensuring that the two fake leptons are
independent.

The correlation between the M (uo,e) distribution and the HNL mass, M (ua,e) < My, can be
exploited by binning the significance in the M (u9,e) variable. Due to the vanishing number of
signal events in the first bin of the M (2, e) distribution, it is not possible to get a good estimate
of the sensitivity for the small signal samples using a simple counting-experiment significance, see
Eq. In order to get a proper estimate for the sensitivity of the search, it is necessary to apply
an exclusion fit in the variable distribution.
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M =5 GeV

CMS limits for |V,x|?

M =10 GeV

M =20 GeV

M =30 GeV

M =50 GeV

Mixing angle

1.50-107*

3.12-107°

1.49-107°

1.77-107°

1.80-107°

Table 30: The exclusion limits probed by the CMS experiment [22] for each of the five
M considered in this analysis.
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Figure 46: Signal region: Distribution of M (u2,e) for the five signal samples.
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11 Conclusion

Properties of the ¥YMSM have been examined and an analysis of HNL signals with mass-points
below the W-boson mass has been performed using data recorded by the ATLAS experiment.
The analysed data corresponding to 79.8 fb—! is provided by the ATLAS experiment which was
measured at a centre-of-mass energy of /s = 13 TeV. This is the first analysis which shows pre-
liminary results for the search of right-handed neutrinos in the prompt trilepton channel using the
full dataset from 2015-2017 recorded by the ATLAS detector. The two main parts of the analysis
are: a signal selection determining the optimal requirements for the search of HNL signals in the
channel W+ — pu*pu*e¥r,; and a background estimation based on a data-driven model using the
fake factor method.

Optimizing the signal selection means maximizing the expected discovery significance for the signal
where the significance is determined by a Poisson counting experiment. The trilepton final state
does not lead to a sharp peak in the invariant mass spectrum due to the SM neutrino in the final
state; it is therefore necessary to use different kinematic properties of the HNL events in the selec-
tion to focus the search. The discriminating variables, which are used to separate the interesting
signal events from the background events, include: M (1, po, e) which peaks just below the W-
boson mass depending on the energy of the final state SM neutrino; M (s, e) which is correlated
with the mass of the HNL; E which is relatively low in the signal final state compared to some
background processes; and a b-jet veto. In order to maintain a high signal efficiency, it is necessary
to apply loose identification and isolation selection criteria for the two leptons which decay from
the HNL. This is due to the decay length of the HNL which for some of the signal samples leads
to a slightly displaced vertex.

The majority of the background events in the signal region have a fake or non-prompt lepton
contributing to the final state. This is due to the rare final state topology of the signal region and
the relatively loose selection criteria applied for the subleading muon and electron in the signal
selection. This makes it crucial to obtain a good fake background estimate for which a data-driven
model is applied. The fake factor method is used to model the fake background for which fake
refers to contributions from both fake leptons and real leptons arising from non-prompt decay
channels. Since the leading muon in the signal finale state is almost always prompt, the fake factor
method governs only the fake contribution from the subleading muon and electron. The stability
of the model is tested in control regions which are similar but independent of the signal region. In
these regions, the predicted background is consistent with data.

The sensitivity of the ATLAS experiment to the mixing angle |V},n |2 is estimated for signal samples
with HNL masses of My =5, 10, 20, 30 and 50 GeV. It is found that the sensitivity to the mixing
angle |V, n|? for My = 20, 30 and 50 GeV is better than the current state-of-the-art exclusion
limits set by the CMS [22] and DELPHI [19] experiments. For the lowest mass point My = 5
GeV is the sensitivity lower than the current limits and for the mass point My = 10 GeV are
they comparable. Based on the analysis made in this thesis, it is thus expected that the ATLAS
experiment can set new improved limits to |V, y|? which are well below the current limits in the
HNL mass range from 20-50 GeV.
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A Detailed MC sample information

Details about the MC samples applied in the analysis are provided in this section.

Within the ATLAS collaboration, the MC production is divided into so-called campaigns [64].
In this analysis, the MC16a sub-campaign is used to model the MC samples corresponding to the
data period from 2015-2016 and the MC16d sub-campaign for the 2017 data. The MC16a and
MC16d samples are designed to match the data conditions, trigger menu and mu-profile for the two
data taking periods. The mu-profile describes the pile-up conditions in the measured data based
on the number of interactions per bunch crossing. Both campaigns were launched after the data
taking was complete for the corresponding period so the actual measured mu-profile is applied to
get an accurate description of data. Below, the tables describing the MC sample are provided for
the MC16a and MC16d sub-campaigns separately.

In Tab. an overview of the applied MC samples is shown together with the MC generator
used to produce the samples, the set of Parton Distribution Functions (PDF) used, and a reference
to the table showing the details of the MC samples.

In addition to the name and DSID of each MC sample, the tables include the following infor-
mation:

o€ . The cross-section provided by the MC generator multiplied with a pos-
sible truth-level filter efficiency.
k-factor : The k-factor is used to normalize the generator cross-section to the
best known for a process.
Sw : Sum of the generator-level weights and the pile-up reweighting effect.
Lint . The generated equivalent integrated luminosity for the sample.
Process MC generator PDF Appendix
Signal PyTHIA v8.2 NNPDF2.3LO Tab.
tt POWHEG + PYTHIA v8.2 NNPDF2.3LO Tab.
W MADGRAPHS v2.3 + PYTHIA v8.2 NNPDF2.3LO Tab.
ttZ MADGRAPHS v2.2 + PYTHIA v8.1 NNPDF2.3LO Tab.
t and Wt POwWHEG + PyTHIA v6.4 Perugia2012 Tab.
W+jets SHERPA v2.2 NNPDF3.0NLO Tab.
Z+jets SHERPA v2.2 NNPDF3.0NLO Tab.
VA~ SHERPA v2.2 NNPDF3.0NLO Tab.
V'V fully leptonic PowHEG + PyTHIA v8.2 AZNLO CTEQ6L1  Tab.
VV: partial hadronic SHERPA v2.2 NNPDF3.0NLO Tab.
VVV: fully leptonic SHERPA v2.2 NNPDF3.0NLO Tab.
VVV: partial hadronic PowHEG + PyTHIA v8.1 AZNLO CTEG6L1  Tab.

Table 31: List of all the MC processes applied in the analysis and the Monte Carlo (MC) generators
and parton distribution functions (PDF) applied for the processes.
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B Binning distribution for the optimization study

In order to determine which variable is best to use as binning for the significance in the optimiza-
tion study, the significances obtained when applying four different binning variables are compared.
The four variables are: M (u1, pa,e); M(pz,e); pr(usz); and pr(e). Each variable is related to
the topology of the signal: M (u1, po,e) is correlated with the W-boson mass; and both M (us,e),
pr(u2) and pr(e) are correlated with My. The four distributions are shown in Fig. for the
signal region applying the preselection requirements, see Tab.

The significance is determined using Eq. The MC statistical uncertainty is determined using
a sum over the MC weights. When comparing the distributions, a bin number of Ny, = 5 and a
systematic uncertainty of psys = 0.5 is applied. The ranges used for the variables are:

M(p1, pio,€):  Interval from 40-90 GeV  See distribution in Fig. and
M (p2,e): Interval from 0-50 GeV ~ See distribution in Fig. and
pr(pe): Interval from 0-50 GeV ~ See distribution in Fig. and
pr(e): Interval from 0-50 GeV  See distribution in Fig. and

Figure show the optimization plots for the variables pr(u1), pr(p2) and pr(e) respec-
tively using each of the four binning distributions for the signal samples with My = 5 GeV
and My = 50 GeV. The estimated significance is clearly affected by which variable is used to bin
the distribution. In bins where no signal events are present, the significance contribution is zero
and thereby not affected by a decrease or increase in the number of background events.

When applying the variables pr(u2) and pr(e) to bin the significance, the significance is clearly
affected by the mass of the HNL. When My is small, pr(us2) and pr(e) are in general smaller than
for the signal samples with higher M. The background contributing to the signal region is peaked
at low pp for the subleading muon and electron, so when determining the significance using binning
in pr(us2) and pr(e), a relatively low significance is estimated for signal samples with low My and
high significance for the signal samples with high Mpy. The shape of the M (us,e) distribution is
also highly dependent on the value of My for the signal sample since in general M (us,e) < My.
This means that for My = 5 GeV, it is only the first bin of the distribution for which s > 0
when applying Npins = 5 and thereby effectively a one-bin significance. For an increasing size of
My for the signal sample, the effective number of bins contributing is increasing too. For the
distribution of M (u1, us2,e€), the shape of the signal samples is not very dependent on My. When
My is low, a smaller amount of energy is in general missing due to the SM neutrino of the final
state, so the variable M (u1, p2, €) tends to be peaking closer to the mass of the W-boson at 80 GeV.

In order to avoid a large influence of the mass My for the different signal samples on the es-

timation of the significance, the distribution M (w1, us2,e) is used to bin the significance in the
optimization study.
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Figure 47: Plots of the four distributions which are possibly being applied for binning when deter-
mining the significance. The distributions are showed in the signal region with My = 5 and 50 GeV.
Preselection requirements are applied, see Tabl. El
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Figure 48: Optimization study for the variable pr(p1). The plots show the significance and number
of background and signal events as a function of the cut on pr(u1) for which the x-axis value zg
represents the requirement pr(u1) > zo GeV.
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Figure 49: Optimization study for the variable pr(u2). The plots show the significance and number
of background and signal events as a function of the cut on pr(u2) for which the x-axis value zg
represents the requirement pp(u2) > zo GeV.
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Figure 50: Optimization study for the variable pr(e). The plots show the significance and number
of background and signal events as a function of the cut on pr(e) for which the x-axis value zg
represents the requirement pr(e) > zg GeV.
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C Optimization study

The plots applied in the optimization study of the signal region requirements are shown in this
section. Plots are included for three of the five signal samples with My = 5, 20 and 50 GeV. In
Sec. the signal region optimization study is performed by examining the effect of a range of
different cuts on the significance and number of background and signal events. Only a few selected
plots were included directly in the optimization study in Sec. [7.3] so in this section a more com-

plete list of the analysed plots is shown.

For each variable considered in the optimization study, plots are included for the three signal
samples My = 5, 20 and 50 GeV. For each signal sample, the significance scan is done for the four
combinations of: Npins = 5/10 and pgyss = 0.3/0.5. Table |64] shows the list of variables considered
in the optimization study, the signal region requirements chosen for each variable, and the figures

provided for the three signal samples: My = 5, 20 and 50 GeV.

Variable SR requirement Figures of optimization study
pr(p) pr(p1) > 23 GeV Fig.
pr(e) pr(e) > 10 GeV Fig.
pr(p2) pr(pz) > 10 GeV Fig.
Ny_jets b-jet veto: Ny jets = 0 Fig.
Isolation for puq FixedCutTightTrackOnly Fig.
Isolation for e Gradient Fig.
Isolation for po FixedCutLoose Fig.
Emiss ERiss < 60 GeV Fig.
Identification for p1; Tight Fig.
AR(u2,€) AR(p2,e) > 0.2 Fig.
Idol/o(do)(e) |dol/a(do)(e) < 10 Fig.
|dol /o (do)(12) |dol/o(do)(p2) < 10 Fig.
[Azgsin(6)](e) |Azpsin(f)|(e) < 0.5 mm  Fig.
| Az sin(0)](p2) |Azpsin(f)|(p2) < 0.5 mm  Fig.

Table 64: The list of variables examined in the optimization study of the signal region requirements. Prior to the optimization
study, the preselection requirements listed in Tab. @aro applied. The signal region requirements are listed in chronological
order, in the sense that prior to the optimization study of a variable both the preselection requirements and all the signal

region requirements listed before the study are applied.
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Figure 51: Signal sample with My = 5 GeV. Optimization study for the variable pp(p1). The plots
show the significance and number of background and signal events as a function of the cut on pr(p1)
for which the x-axis value xo represents the requirement pp(u1) > xzo GeV.
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Figure 52: Signal sample with My = 20 GeV. Optimization study for the variable pr(u1). The
plots show the significance and number of background and signal events as a function of the cut on
pr(p1) for which the x-axis value zo represents the requirement pr(u1) > xg GeV.
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Figure 53: Signal sample with My = 50 GeV. Optimization study for the variable pr(u1). The
plots show the significance and number of background and signal events as a function of the cut on
pr(p1) for which the x-axis value zo represents the requirement pr(u1) > xg GeV.
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Figure 54: Signal sample with My = 5 GeV. Optimization study for the variable pr(e). The plots
show the significance and number of background and signal events as a function of the cut on pr(e)
for which the x-axis value zg represents the requirement pr(e) > zg GeV.
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Figure 55: Signal sample with My = 20 GeV. Optimization study for the variable pr(e). The plots
show the significance and number of background and signal events as a function of the cut on pr(e)
for which the x-axis value xo represents the requirement pr(e) > zo GeV.
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Figure 56: Signal sample with My = 50 GeV. Optimization study for the variable pr(e). The plots
show the significance and number of background and signal events as a function of the cut on pr(e)
for which the x-axis value zg represents the requirement pr(e) > zg GeV.
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Figure 57: Signal sample with My = 5 GeV. Optimization study for the variable pp(u2). The plots
show the significance and number of background and signal events as a function of the cut on pr(u2)
for which the x-axis value xo represents the requirement pr(u2) > xo GeV.
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Figure 58: Signal sample with My = 20 GeV. Optimization study for the variable pr(u2). The
plots show the significance and number of background and signal events as a function of the cut on
pr(p2) for which the x-axis value zo represents the requirement pr(u2) > xg GeV.
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Figure 59: Signal sample with My = 50 GeV. Optimization study for the variable pr(u2). The
plots show the significance and number of background and signal events as a function of the cut on
pr(p2) for which the x-axis value zo represents the requirement pr(u2) > xg GeV.
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Figure 60: Signal sample with My =5 GeV. Optimization study for the variable Ny,_jets. The plots
show the significance and number of background and signal events as a function of the cut on Np_jets-
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Figure 61: Signal sample with My = 20 GeV. Optimization study for the variable Ny jets- The
plots show the significance and number of background and signal events as a function of the cut on
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plots show the significance and number of background and signal events as a function of the cut on
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Figure 63: Signal sample with My = 5 GeV. Optimization study for the isolation selection
The plots show the significance and number of background and signal events as a function

isolation selection of uj.
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Figure 64: Signal sample with My = 20 GeV. Optimization study for the isolation selection of p;.
The plots show the significance and number of background and signal events as a function of the

isolation selection of uj.
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Figure 65: Signal sample with My = 50 GeV. Optimization study for the isolation selection of p.
The plots show the significance and number of background and signal events as a function of the the
isolation selection of uj.
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Figure 66: Signal sample with My = 5 GeV. Optimization study for the isolation selection of e.
The plots show the significance and number of background and signal events as a function of the
isolation selection of e.
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Figure 67: Signal sample with My = 20 GeV. Optimization study for the isolation selection of e.
The plots show the significance and number of background and signal events as a function of the
isolation selection of e.
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Figure 68: Signal sample with My = 50 GeV. Optimization study for the isolation selection of e.
The plots show the significance and number of background and signal events as a function of the the
isolation selection of e.
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Figure 69: Signal sample with My = 5 GeV. Optimization study for the isolation selection
The plots show the significance and number of background and signal events as a function

isolation
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Figure 70: Signal sample with My = 20 GeV. Optimization study for the isolation selection of .
The plots show the significance and number of background and signal events as a function of the
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Figure 71: Signal sample with My = 50 GeV. Optimization study for the isolation selection of ps.
The plots show the significance and number of background and signal events as a function of the the
isolation selection of ua.
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Figure 72: Signal sample with My = 5 GeV. Optimization study for the variable E%iss. The plots
show the significance and number of background and signal events as a function of the cut on E?iss
for which the x-axis value x represents the requirement E,lrf‘iss < zp GeV.
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Figure 73: Signal sample with My = 20 GeV. Optimization study for the variable E%‘iss, The plots
show the significance and number of background and signal events as a function of the cut on E%‘iss
for which the x-axis value xg represents the requirement E?iss < xzg GeV.
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Figure 74: Signal sample with M = 50 GeV. Optimization study for the variable E?iss. The plots
show the significance and number of background and signal events as a function of the cut on E?iss
for which the x-axis value xg represents the requirement E'?iss < xzg GeV.
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Figure 75: Signal sample with My = 5 GeV. Optimization study for the identification quality for
p1. The plots show the significance and number of background and signal events as a function of
the cut on the identification quality selection for uj.
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Figure 76: Signal sample with My = 20 GeV. Optimization study for the identification quality for
p1. The plots show the significance and number of background and signal events as a function of
the cut on the identification quality selection for pj.
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Figure 77: Signal sample with My = 50 GeV. Optimization study for the identification quality for
p1. The plots show the significance and number of background and signal events as a function of
the cut on the identification quality selection for pj.
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Figure 78: Signal sample with My = 5 GeV. Optimization study for variable AR(u2,e). The plots
show the significance and number of events as a function of the cut on AR(u2, e) for which the x-axis
value xg represents the requirement AR(u2,e) > zo GeV.
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Figure 79: Signal sample with My = 20 GeV. Optimization study for variable AR(u2,e). The plots
show the significance and number of events as a function of the cut on AR(u2, e) for which the x-axis
value z( represents the requirement AR(u2,e) > zo GeV.
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Figure 80: Signal sample with My = 50 GeV. Optimization study for variable AR(u2,e). The plots
show the significance and number of events as a function of the cut on AR(u2, e) for which the x-axis
value xg represents the requirement AR(u2,e) > zo GeV.
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Figure 81: Signal sample with M = 5 GeV. Optimization study for the variable |do|/o(do)(e). The
plots show the significance and number of events as a function of the cut on the variable |do|/o(do)(e)
for which the x-axis value xo represents the requirement |do|/o(do)(e) < zo.
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Figure 82: Signal sample with My = 20 GeV. Optimization study for the variable |do|/o(do)(e). The
plots show the significance and number of events as a function of the cut on the variable |dg|/o(do)(e)
for which the x-axis value xo represents the requirement |do|/o(do)(e) < zo.
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Figure 83: Signal sample with My = 50 GeV. Optimization study for the variable |do|/o(do)(e). The
plots show the significance and number of events as a function of the cut on the variable |do|/o(do)(e)
for which the x-axis value xo represents the requirement |do|/o(do)(e) < zo.
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Figure 84: Signal sample with My = 5 GeV. Optimization study for the variable |dg|/o(do)(p2)-
The plots show the significance and number of events as a function of the cut on the variable
|do|/o(do)(u2) for which the x-axis value o represents the requirement |do|/o(do)(u2) < zo.
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Figure 85: Signal sample with My = 20 GeV. Optimization study for the variable |do|/o(do)(u2).
The plots show the significance and number of events as a function of the cut on the variable
|do|/o(do)(p2) for which the x-axis value zo represents the requirement |do|/o(do)(u2) < zo.
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Figure 86: Signal sample with My = 50 GeV. Optimization study for the variable |dg|/o(do)(p2)-
The plots show the significance and number of events as a function of the cut on the variable
|do|/o(do)(u2) for which the x-axis value zo represents the requirement |do|/o(do)(u2) < zo.
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Figure 87: Signal sample with My = 5 GeV. Optimization study for the variable |Azg sin(0)|(e).
The plots show the significance and number of events as a function of the cut on the variable
|Azp sin(0)|(e) for which the x-axis value zo represents the requirement |Azq sin(6)|(e) < zo.
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Figure 88: Signal sample with My = 20 GeV. Optimization study for the variable |Azg sin(0)|(e).
The plots show the significance and number of events as a function of the cut on the variable
|Azg sin(#)|(e) for which the x-axis value o represents the requirement |Azg sin(0)|(e) < zg.
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Figure 89: Signal sample with My = 50 GeV. Optimization study for the variable |Azg sin(0)|(e).

The plots show the significance and number of events as a function of the cut on the variable

|Azp sin(0)|(e) for which the x-axis value zo represents the requirement |Azq sin(6)|(e) < zo.
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Figure 90: Signal sample with My = 5 GeV. Optimization study for the variable |Azg sin(0)|(u2)-
The plots show the significance and number of events as a function of the cut on the variable
|Azg sin(0)|(u2) for which the x-axis value xo represents the requirement |Azg sin(0)|(u2) < zo.
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Figure 91: Signal sample with My = 20 GeV. Optimization study for the variable |Azg sin(0)|(u2).
The plots show the significance and number of events as a function of the cut on the variable
|Azg sin(0)|(u2) for which the x-axis value z represents the requirement |Azg sin(0)|(n2) < zo.
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Figure 92: Signal sample with My = 50 GeV. Optimization study for the variable |Azg sin(0)|(u2)-
The plots show the significance and number of events as a function of the cut on the variable
|Azg sin(0)|(u2) for which the x-axis value xo represents the requirement |Azg sin(0)|(u2) < zo.
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D Signal region cutflows

The cutflows for the signal samples and background processes are presented in this section. A
7cut” refers to a signal region requirements. The cutflows show the number of events for a given
process at each selection stage. The signal region requirements are listed in Tab. The cutflows
start at cut number 10, since the previous requirements are applied doing the object definition or
are used as requirements in the MC derivation [65] applied.

The cutflow for the signal samples is shown in Tab. Table [67] and [68] show cutflows for
the background processes. The sum of all the background processes applied is listed in Tab.

Preselection requirements

1. Two loose and combined muons
2. One LooseAndBLayerLLH electron
3. ptute™
4. [n(p)] < 2.5 and |n(e)| < 2.47 except 1.37 < |n(e)| < 1.52
5. w:pr >4 GeV
6. e:pr > 7 GeV (2015), pr > 4.5 GeV (2016+2017)
7. p1 : |dol/o(do) < 3 and |Azpsiné| < 0.5 mm
8. 2 +e: |Azpsinf| < 1.0 mm
9. Trigger: HLT mu18_mu8noL1 (2015), HLT mu22 mu8noL1 (2016+2017)
10. Trigger matching and offline pr requirements
11. w2 s pr < 50 GeV
12. e: pr < 50 GeV
13. 40GeV < M(p, p2,€) < 90 GeV
14. M (p2,e) < 50 GeV
Optimization study requirements
15. pr(p) > 23 GeV
16. pr(p2) > 10 GeV
17. pr(e) > 10 GeV
18. Np_jets =0
19. Isolation for p1: FixedCutTightTrackOnly
20. Isolation for pe: FixedCutLoose
21. Isolation for e: Gradient
22. EF® < 60 GeV
23. Identification selection for pi: Tight
24. AR(pz,e) > 0.2
25. |do|/o(do)(u2) < 10 and |Az sin(0)](p2) < 0.5 mm
26. |do|/o(do)(e) < 10 and |Azpsin()|(e) < 0.5 mm

Table 65: The final list of signal region requirements.
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Cut 5 GeV 10 GeV 20 GeV 30 GeV 50 GeV

10 721£29 3146 3746 117£11 80+9
11 719429 3146 3746 117£11 80+9
12 714+28 3146 3616 116£11 79+9
13 699128 306 35+6 113+£11 74+9
14 695+28 30+6 3546 112+11 74+9
15 694+28 30+6 35+6 112+11 72+9
16 381+21 1944 23+5 7419 5618
17 340120 17+4 20+5 6618 52+7
18 335+20 17+4 20+5 64+8 51£7
19 305+19 15+4 19+4 60+8 477
20 13+4 9+3 16+4 557 44£7
21 12+4 9+3 15+4 51£7 40£6
22 12+4 9£3 15+4 50£7 4046
23 12+4 8+3 1414 4947 3946
24 1244 843 1414 49+7 3946
25 11+3 6+3 14+4 477 38+6
26 11+3 6+3 14+4 477 38+6

Table 66: The number of events in each signal sample with My = 5, 10, 20, 30 and 50 GeV at each
step of the SR requirement list, see Tab. @ Scale factors are applied for jets, the leading muon and
the electron.

Cut tt W+jets Z+jets t and Wt
10 7115+95 1382+250 180439 559427
11 7010+95 1380+250 179439 554427
12 4595477 1358+250 169439 393122
13 1914450 7374221 136427 175+15
14 1824448 7254221 137£27 171+£15
15 1817448 7224221 136+£27 171+£15
16 1089+37 78+43 60+18 89+11
17 911+34 85+38 51+16 76+£10
18 367+22 78+38 46+16 5448
19 320+20 73+38 42415 48+8
20 5448 1046 25+12 8+3

21 40+7 0.54+0.9 20+£12 442

22 18+5 0.7£0.9 20412 242

23 1845 0.7£0.9 19+12 242

24 1845 0.7+0.9 19+12 242

25 1645 0.7£0.9 1046 242

26 1645 0.7+0.9 1046 242

Table 67: The number of events for background processes at each step of the SR requirement list,
see Tab. @ Scale factors are applied for jets, the leading muon and the electron.
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Cut | Triboson 1A% VA~ Diboson > Bkg
10 21+5 58+£8 30+9 110£12 9454+£272
11 17+4 467 30+9 104£10 9321+£272
12 11£3 2845 28+9 92+10 66751266
13 442 73 1145 4046 3023+£229
14 3£2 7+3 11+5 38+6 2915+228
15 3£2 7+3 11+5 38+6 2905+228
16 242 4+2 5+4 20+5 1347461
17 242 4+2 513 17+4 1151455
18 242 0.8+0.9 5+3 16+4 568+48
19 241 0.7£0.8 3+3 15+4 504£46
20 241 0.4£0.6 0.7£1.1 12+£3 111417
21 2+1 0.3£0.5 0.7£1.1 10+3 78+14

22 0.7£0.9 0.1£0.3 0.7£1.1 7+3 49+13

23 0.7£0.8 0.1£0.3 0.7£1.1 7+3 48+13

24 0.7£0.8 0.1£0.3 0.7£1.1 7+3 48+13

25 0.7£0.8 0.1£0.3 0.0+£0.0 6+3 3548

26 0.7+0.8 0.1£+0.3 0.0£0.0 6+3 35+8

Table 68: The number of events for background processes at each step of the SR requirement list, see
Tab. The total number of background events is also listed which includes both the background
processes shown in this table and in table @ Scale factors are applied for jets, the leading muon
and the electron.
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E Fake electron comparison

The fake electrons in the SR and electron measurement region are mainly of the three follow-
ing types: heavy-flavour decays labeled “non-isolated”; electron fakes which originate from light
flavour jets labeled “hadrons”; and electron fakes from photon conversion and decays of light
mesons labeled “bkg lep”. In this section, the properties of the three fake electron types are
compared. The considered variables are: topoetcone20/pr(epr), ptvarcone20/pr(err), pr(err),
In|(err), |do|/o(do)(err); |Azosin(f)|(epr) and ERisS. The distributions are showing events in the
electron measurement region. Table [69] provides an overview of the figures used in the study of the
three fake electron compositions and a summary of how the kinematics of the three fake lepton
types differ.

Figure Distribution Comparison of distributions

Fig. topoetcone20/pr(err) “Non-isolated” fake electrons tend to be most isolated in the
calorimeter and “hadrons” the least isolated.

Fig. ptvarcone20/pr(err) Same tendency in the inner detector as for the calorimeter
isolation above.

Fig. pr(err) In all cases, the majority of fake electrons have small pr.
“Non-isolated” fake electrons are most likely to have a higher
pr, especially in the region with Ny _jets > 1.

Fig. |n|(err) The number of “non-isolated” fake electrons is slightly de-
creasing as a function of || whereas the number of “hadrons”
fake electrons is slightly increasing.

Fig. |do|/o(do)(err) “Non-isolated” fake electrons tend to have a higher
|do|/c(do). Almost all fake electrons of type “hadrons” have
|d0|/0‘(d0) < 2.

Fig. |Azo sin(0)|(err) “Non-isolated” fake electrons have the highest |Azgsin(6)]
in average. “Hadron” fake leptons tend to have the lowest.

Fig. Emiss The shape of the distributions are very similar for the three
types of fake leptons.

Fig. [100]  topoetcone20/pr(err) Requirements for epp: 10 GeV < pr < 15 GeV, |do|/o(do) <

1, |[Azosin(f)| < 0.1, and |n| < 1.0. Still see the same ten-
dencies as in Fig.

Fig. [101] ptvarcone20/pr(err) Requirements for erp: 10 GeV < pr < 15 GeV, |do|/o(do) <
1, |Azpsin(f)| < 0.1, and |n| < 1.0. Still see the same ten-
dencies as in Fig. @

Table 69: Study of the isolation and kinematics of the three types of fake electrons: “non-isolated”,
“hadrons” and “bkg lep”, which are defined using truth matching, see Sec. @
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Figure 93: Distribution of the isolation variable: topoetcone20/pr(epr). All electron measurement

region (MR) requirements are applied except for the requirement that epp satisfies the Gradient
isolation selection, see Tab. @ Truth matching is applied for the fake factor electron in each event
and required to be: “non-isolated”, “hadron”, or “bkg lep”. The blue line indicates the sum of the
SM background processes and the dashed area the corresponding statistical uncertainty. The last
bin in the histogram includes all events with values larger than the range of the histogram.
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Figure 94: Distribution of the isolation variable: ptvarcone20/pr(erp). All electron MR require-
ments are applied except for the requirement that epp satisfies the Gradient isolation selection, see
Tab. [I5] Truth matching is applied for the fake factor electron in each event and required to be:
“non-isolated”, “hadron”, or “bkg lep”. The blue line indicates the sum of the SM background pro-
cesses and the dashed area the corresponding statistical uncertainty. The last bin in the histogram
includes all events with values larger than the range of the histogram.
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Figure 95: Distribution of the transverse momentum: pr(epp). All electron measurement region
(MR) requirements are applied except for the requirement that epp satisfies the Gradient isolation

selection, see Tab.

Truth matching is applied for the fake factor electron in each event and

required to be: “non-isolated”, “hadron”, or “bkg lep”. The blue line indicates the sum of the SM
background processes and the dashed area the corresponding statistical uncertainty. The last bin in
the histogram includes all events with values larger than the range of the histogram.
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Figure 96: Distribution of the pseudorapidity: |n|(epr). All electron measurement region (MR)
requirements are applied except for the requirement that epp satisfies the Gradient isolation selection,
see Tab. @ Truth matching is applied for the fake factor electron in each event and required to

be:

“non-isolated”, “hadron”, or “bkg lep”. The blue line indicates the sum of the SM background

processes and the dashed area the corresponding statistical uncertainty. The last bin in the histogram
includes all events with values larger than the range of the histogram.
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Figure 97: Distribution of the impact parameter: |do|/o(do)(err). All electron measurement region
(MR) requirements are applied except for the requirement that epp satisfies the Gradient isolation
selection, see Tab. Truth matching is applied for the fake factor electron in each event and
required to be: “non-isolated”, “hadron”, or “bkg lep”. The blue line indicates the sum of the SM
background processes and the dashed area the corresponding statistical uncertainty. The last bin in
the histogram includes all events with values larger than the range of the histogram.
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Figure 98: Distribution of the impact parameter variable: |Azgsin(0)|(epr). All electron MR re-
quirements are applied except for the requirement that epp satisfies the Gradient isolation selection,
see Tab. Truth matching is applied for the fake factor electron in each event and required to be:
“non-isolated”, “hadron”, or “bkg lep”. The blue line indicates the sum of the SM background pro-
cesses and the dashed area the corresponding statistical uncertainty. The last bin in the histogram

includes all events with values larger than the range of the histogram.
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Figure 99: Distribution of the missing transverse energy: E‘Tniss. All electron measurement region
(MR) requirements are applied except for the requirement that epp satisfies the Gradient isola-
tion selection, see Tab. @ Additional requirements are used for epp: 10 GeV < pr < 15 GeV;
|do|/o(do) < 1; |Azgsin()| < 0.1 mm; |n]jl. Truth matching is applied for the fake factor electron
in each event and required to be: “non-isolated”, “hadron”, or “bkg lep”. The blue line indicates the
sum of the SM background processes and the dashed area the corresponding statistical uncertainty.
The last bin in the histogram includes all events with values larger than the range of the histogram.
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Figure 100: Distribution of the isolation variable: topoetcone20/pr(epr). All electron measurement
region (MR) requirements are applied except for the requirement that epp satisfies the Gradient
isolation selection, see Tab. @ Truth matching is applied for the fake factor electron in each event
and required to be: “non-isolated”, “hadron”, or “bkg lep”. The blue line indicates the sum of the
SM background processes and the dashed area the corresponding statistical uncertainty. The last
bin in the histogram includes all events with values larger than the range of the histogram.

131



Events / 0.05 GeV

Truth matching requirement: “Non-isolated” epp.

Events / 0.05 GeV

Events / 0.05 GeV

1600 =TT T T e e s
AI’:A;BST v === SM Total [ V4+gamma
1400 Ef o8 fb%l 1 Otherbkg [ W+jets

[ tand Wt | —

1200

Events / 0.05 GeV

% —_r— — =
0 0.2 0.4 0.6 0.8 1.0
ptvarcone20(e)/p+(e)

(a) Electron MR with Nj,_jets = 0.

——— LA mm e e >
[}
A_TLAS === SM Total [ V4+gamma S
2500 Ef;g‘gf?_‘{ [ Otherbkg [ W+ jets 9
o [ tand Wt . tt =
°
<
5
>
w
ptvarcone20(e)/p+(e)
(c) Electron MR with Ny_jets = 0.

Truth matching requirement: “Hadron” epp.
——— B 1 -
1000 '3_7-"/1‘351, v #== SM Total £ V+gamma 7| §
LS o 3 Otherbkg [ W+jets 1 4
- [ tand Wt — tt q =]
800 — =]
| 3
| c
600 - o
w

2 a
0.6 0.8 1.0
ptvarcone20(e)/p+(e)

(e) Electron MR with Ny,_jes = 0.
Truth matching requirement: “Bkg lep” eprp.

=
> |
»

| |

r AT 13 Tay %4 SM Total [ V+gamma
400 — Vs 2 gfbe,l [ Otherbkg =1 W+jets
[ [ tand Wt . tt B
300 -

L
90 0.2 0.4 0.6 0.8 1.0

ptvarcone20(e)/p+(e)

(b) Electron MR with Np_jets > 1.

Truth matching requirement: “Non-isolated” epp.

400 ATLAS ' ! ‘

##= SM Total
350 5;9122;_\{ [ Other bkg
o [ tand Wt
300

[ V4+gamma
[0 W+jets
o tt

0. 1.0
ptvarcone20(e)/p+(e)

(d) Electron MR with N jets > 1.
Truth matching requirement: “Hadron” epp.

120 ———— ]
éfnz'?fTev =+ SM Total 3 V+gamma

100— /'~ oo g ip-! [ Otherbkg [ W +jets
o 3 tand Wt /ot

%.0 0.2 0.4 0.6 0.8 1.0
ptvarcone20(e)/p+(e)

(f) Electron MR with Nj,_jes > 1.

Truth matching requirement: “Bkg lep” epr.

Figure 101: Distribution of the isolation variable: ptvarcone20/pr(epr). All electron measurement
region (MR) requirements are applied except for the requirement that epp satisfies the Gradient
isolation selection, see Tab. @ Additional requirements are used for epp: 10 GeV < pp < 15 GeV;
|do|/o(do) < 1; |Azgsin()| < 0.1 mm; |n]jl. Truth matching is applied for the fake factor electron
in each event and required to be: “non-isolated”, “hadron”, or “bkg lep”. The blue line indicates the
sum of the SM background processes and the dashed area the corresponding statistical uncertainty.
The last bin in the histogram includes all events with values larger than the range of the histogram.
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F Fake Factors

In this section, the studies applied to define the muon and electron fake factors are presented.
The included figures and the final binning applied for each measurement region are summarised in
tables below.

Table [T0H72} Muon fake factors in the measurement regions applying FixedCutLoose, Loosened
FixedCutLoose and Loose isolation respectively for upp.

Table Electron fake factors in the measurement regions applying Gradient and Loose iso-
lation respectively for epp.

F.1 Muon Fake Factors: FixedCutLoose isolation

Fig. Np.jets Distribution Binning
0 pr(urr) No binning.
0 s Binning in pr(urr) applied.
0 |do|/o(do)(prr) Binning in pr(urr) applied.
0 Njets Binning in pr(urr) applied.
0 |do|/o(do)(urr) Binning in pr(prr) and Njets < 2. Final bin-
ning shown.
0 |do|/o(do)(prr) Binning in pr(urr) and Njets > 2. Final bin-
ning shown.
>1  pr(uee), Inl(urr), |dol/o(do)(urr), No binning.
|Azo sin(0)|(prr), Niets, B
109 >1 Niets Binning in pr(urr). Final bining shown.
Final binning
0 Bins in pr(urr): 10 GeV < pr(prr) < 20 GeV
0 20 GeV < pr(prr) < 30 GeV
0 30 GeV < pr(urr) < 40 GeV
0 40 GeV < pr(urr) < 50 GeV
0 Bins in Njets: Njets < 2
0 Nijets > 3
0 Bins in |do|/o(do)(urr): |dol/o(do) < 2
0 2 < |do| /o (do) < 10
>1 Bins in pr(prr): 10 GeV < pr(prr) < 13 GeV
>1 13 GeV < pr(prr) < 30 GeV
>1 30 GeV < pr(prr) < 50 GeV
>1 Bins in Njets: Njets < 2
>1 Niets > 3

Table 70: Overview of the figures shown in the study of the muon fake factors using the measurement
region with FixedCutLoose isolation for pugpg. The final binning of the muon fake factors is listed.
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Muon Fake Factors: Loosened FixedCutLoose isolation

Fig. Np.jets Distribution Binning
1100 0 pr(per), [n|(per), |do|/o(do)(prr), No binning.
|Azo sin(0)|(1rr), Niets, E7°
0 |do|/o(do)(urr) Binning in pr(urr) and Njets < 2. Final bin-
ning shown.
0 |do|/o(do)(urr) Binning in pr(prr) and Njets > 2 Final bin-
ning shown.
>1 pr(per), [nl(per), |do|/o(do)(urr), No binning.
|Azo sin(0)[(urr), Niets, BT
114 >1 Niets Binning in pr(purr). Final bining shown.

Final binning

0 Bins in pr(urr): 10 GeV < pr(prr) < 20 GeV
0 20 GeV < pr(prr) < 30 GeV
0 30 GeV < pr(urr) < 40 GeV
0 40 GeV < pr(urr) < 50 GeV
0 Bins in Njets: Njets < 2

0 Nijets > 3

0 Bins in |do|/o(do)(urr): |dol/o(do) < 2

0 2 < |do| /o (do) < 10

>1 Bins in pr(prr): 10 GeV < pr(prr) < 12 GeV
>1 12 GeV < pr(prr) < 30 GeV
>1 30 GeV < pr(prr) < 50 GeV
>1 Bins in Njets: Njets < 2

>1 Nijets > 3

Table 71: Overview of the figures shown in the study of the muon fake factors using the measurement
region with Loosened FixedCutLoose isolation for upp. The final binning of the muon fake factors
is listed.
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Muon Fake Factors: Loose isolation

Fig. Np.jets Distribution Binning
115 0 pr(per), [n|(per), |do|/o(do)(prr), No binning.
|AZO Sln(0)|(/j“FF)7 Afjets, E¥lss
0 [n|(pEr) Binning in pr(urr) and Njets < 2. Final bin-
ning shown.
0 [n|(purr) Binning in pr(urr) and Njets > 2. Final bin-
ning shown.
>1 pr(per), [nl(per), |do|/o(do)(urr), No binning.
|Azo sin(0)[(urr), Niets, BT
119 >1 Inl(prr) Binning in pr(prr). Final bining shown.

Final binning

0 Bins in pr(urr): 10 GeV < pr(prr) < 12 GeV
0 12 GeV < pr(prr) < 15 GeV
0 15 GeV < pr(prr) < 20 GeV
0 20 GeV < pr(prr) < 26 GeV
0 26 GeV < pr(urr) < 50 GeV
0 Bins in Njets: Njets < 2

0 Niets > 3

0 Bins in |n|(prr): |n] < 0.75

0 0.75 < |n|(urr) < 1.25

0 1.25 < |n|(prr) < 2.5

0 Bins in pr(prr): 10 GeV < pr(urr) < 12 GeV
>1 12 GeV < pr(prr) < 15 GeV
>1 15 GeV < pr(prr) < 20 GeV
>1 20 GeV < pr(urr) < 26 GeV
>1 26 GeV < pr(urr) < 50 GeV
>1 Bins in |n|(purr): |n] < 0.75

>1 0.75 < |n|(urr) < 1.25

>1 1.25 < |n|(urr) < 2.5

Table 72: Overview of the figures shown in the study of the muon fake factors using the measurement
region with Loose isolation for upp. The final binning of the muon fake factors is listed.
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F.4 Elecctron Fake Factors: Gradient isolation
Np-jets Distribution Binning
0 pr(err) No binning.
0 |do|/o(do)(err), |Azo sin(0)|(err) Binning in pr(err) applied.
0 In|(err), ERSS Binning in pr(err) applied.
0 Niets Binning in pr(err) applied.
0 |do|/o(do)(err) Binning in pr(err) and Njets < 2. Final bin-
ning shown.
0 \do|/o(do)(err) Binning in pr(err) and Njes > 2. Final bin-
ning shown.
>1  pr(ere), |nl(uer), |do|/o(do)(err), No binning.
|Azo sin(0)|(err), Niets, EF"™
1280 >1 |do|/o(do)(err) Binning in pr(err). Final bining shown.
Final binning
0 Bins in pr(err): 10 GeV < pr(err) < 13 GeV
0 13 GeV < pr(err) < 15 GeV
0 15 GeV < pr(err) < 17 GeV
0 17 GeV < pr(err) < 35 GeV
0 35 GeV < pr(err) < 50 GeV
0 Bins in Njes: Niets < 2
0 Njets > 3
0 Bins in |do|/o(do)(err): |do|/c(do)(err) < 3
0 3 < |do|/o(do)(err) < 10
>1 Bins in pr(err): 10 GeV < pr(err) < 15 GeV
>1 15 GeV < pr(err) < 25 GeV
>1 25 GeV < pr(err) < 50 GeV
>1 Bins in |do|/o(do)(err): |do|/o(do)(err) < 3
>1 3 < |do|/o(do)(err) < 10

Table 73: Overview of the figures shown in the study of the electron fake factors using the mea-
surement region with Gradient isolation for epp. The final binning of the electron fake factors is
listed.
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F.5 Electron Fake Factors: Loose isolation
Fig. Np.jets Distribution Binning
1290 0 pr(per), [nl(per), |dol/o(do)(urr), No binning.
|AZ0 Sin(0)|(HFF)7 ]Vjetm E¥lss
0 |do|/o(do)(err) Binning in pr(err) and Njets < 2. Final bin-
ning shown.
0 |do|/o(do)(err) Binning in pr(err) and Njets > 2. Final bin-
ning shown.
>1 pr(per), [nl(per), |do|/o(do)(urr), No binning.
|Azo sin(0)|(prF), Niets, Ep "
133 >1 |do|/o(do)(err) Binning in pr(err) and Njets < 2. Final bin-
ning shown.
134 >1 |do|/o(do)(err) Binning in pr(err) and Njets > 2. Final bin-

ning shown.

Final binning

0 Bins in pr(err): 10 GeV < pr(err) < 13 GeV
0 13 GeV < pr(err) < 15 GeV
0 15 GeV < pr(err) < 17 GeV
0 20 GeV < pr(err) < 20 GeV
0 20 GeV < pr(err) < 50 GeV
0 Bins in Njets: Njets < 2

0 Nijets > 3

0 Bins in |do|/o(do)(err): |do|/o(do)(err) < 3

0 3 < |do|/o(do)(err) < 10

>1 Bins in pr(err): 10 GeV < pr(err) < 15 GeV
>1 15 GeV < pr(err) < 22 GeV
>1 22 GeV < pr(err) < 50 GeV
>1 Bins in Njets: Njets < 2

>1 Niets > 3

>1 Bins in |do|/o(do)(err): |do|/o(do)(err) < 3

>1 3 <|do|/o(do)(err) < 10

Table 74: Overview of the figures shown in the study of the electron fake factors using the measure-
ment region with Loose isolation for epp. The final binning of the electron fake factors is listed.
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Figure 102: Muon fake factor as a function of pr(upp). The ID and anti-ID criteria are defined
using the FixedCutLoose isolation in the muon measurement region with Ny_jets = 0.
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Figure 106: Muon fake factor as a function of |do|/o(do)(urr). The considered fake factors are
binned in pr(purr) and Njets- The ID and anti-ID criteria are defined using the FixedCutLoose
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Figure 107: Muon fake factor as a function of |do|/o(do)(urr). The considered fake factors are
binned in pr(purr) and Njets- The ID and anti-ID criteria are defined using the FixedCutLoose
isolation in the muon measurement region with Ny, jets = 0.
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Figure 111: Muon fake factor as a function of |dg|/o(do)(rr). The considered fake factors are binned
in pr(prr) and Njets. The ID and anti-ID criteria are defined using the Loosened FixedCutLoose
isolation selection in the muon measurement region with Ny,_jers = 0.
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Figure 112: Muon fake factor as a function of |dg|/o(do)(rr). The considered fake factors are binned
in pr(prr) and Njets. The ID and anti-ID criteria are defined using the Loosened FixedCutLoose
isolation selection in the muon measurement region with Ny,_jers = 0.
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Figure 116: Muon fake factor as a function of |n|(urr). The considered fake factors are binned in
pr(prpr) and Njets- The ID and anti-ID criteria are defined using the Loose isolation selection in

the muon measurement region with Ny,_jets = 0.
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Figure 117: Muon fake factor as a function of |n|(urr). The considered fake factors are binned in
pr(prpr) and Njets- The ID and anti-ID criteria are defined using the Loose isolation selection in

the muon measurement region with Ny,_jets = 0.
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Figure 119: Muon fake factor as a function of Njets. The considered fake factors are binned in
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Figure 122: Electron fake factor as a function of |do|/o(do)(err) and |Azg sin(@)|(epr). The consid-
ered fake factors are binned in pr(upr). The ID and anti-ID criteria are defined using the Gradient
isolation in the electron measurement region with Ny_jets = 0.
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Figure 123: Electron fake factor as a function of |n|(epr) and EisS. The considered fake factors
are binned in pr(upr). The ID and anti-ID criteria are defined using the Gradient isolation in the

electron measurement region with Ny,_jets = 0.
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Figure 133: Electron fake factor as a function of |do|/o(do)(err). The considered fake factors are
binned in pr(prr) and Njets. The ID and anti-ID criteria are defined using the Loose isolation
selection in the electron measurement region with Ny,_jers > 1.
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Figure 134: Electron fake factor as a function of |dg|/o(do)(err). The considered fake factors are
binned in pr(prr) and Njets. The ID and anti-ID criteria are defined using the Loose isolation
selection in the electron measurement region with Ny,_jers > 1.
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G Multi-fake background estimation

When applying the fake factor method in a possible multi-fake region, it is assumed that the fake
leptons are independent of each other. This is a good assumption when the trajectories of the two
fake leptons are separated but not necessarily in the cases where the fake lepton tracks are close
to each.

When both the subleading muon and electron are fake leptons and have a small angular sepa-
ration, they can both origin from the same jet. The overlap removal between the reconstructed
muon and electron object, see Tab. [6] is only applied if the two objects share the same tracks
without considering the AR separation of the tracks. In comparison, the overlap removal between
a reconstructed jet and electron or muon will in general remove the jet if AR(jet, u/e) < 0.2.

Figure [I35] shows the data-driven estimate of the double fake background, see Eq. for the
AR(us, ) distribution in control region 1, 2 and 3. The two fake leptons are clearly not indepen-
dent when the AR(u2,¢e) > 0.2 requirement is not applied. When applying the AR(us,e) > 0.2
requirement, it is ensured that the fake leptons are more independent. Fig. shows that there
is still larger negative bins at small AR(us,e) for control region 1. Therefore, it can be necessary
to increase the applied AR(u2,e) requirement in order to ensure that the leptons are truly inde-
pendent. The requirement AR(us,e) is chosen such that the efficiency for the signal sample with
Mpy =5 GeV is not reduced much, see Fig.
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Figure 135: Control region 1, 2 and 3: AR(u2,e) distribution. Only the data-driven estimate of
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FixedCutLoose. Isolation for e: Gradient.
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H Composition study of control regions

Three control regions are applied in order to examine the agreement between data and the back-
ground estimation. The control regions are defined kinematically close to the signal region. In
this section, the composition of the final state leptons in the control regions is studied using truth
matching. The figures applied in the composition study and the main results are presented in
Tab.

Composition  Figures Result

Leading muon Fig. Large majority are prompt muons. Few fake muons of type
”non-isolated”.

Subleading Fig. Large majority are fake muons of type "non-isolated”. Contri-
muon bution from ”pile-up” muons in the control region with anti-ID
criteria for both us and e.

Electron Fig. Majority of fake electrons of type ”non-isolated” and ”hadron”.

The primary contribution changes for the three control regions.
Control region 2 is dominated by "non-isolated” fake electrons.
Control region 1 and 3 have larger contribution from ”hadron”.

Table 75: Summary of the composition study for the three control regions. Control region 1: Inverted
M (p1, p2, e) requirement. Control region 2: Inverted b-jet veto. Control region 3: Inverted EZR'sS
requirement.
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Figure 136: Composition of p1 in control region 1 as a function of py(p1). The final bin contains all
the events with pp > 45 GeV. The main plot shows the composition as the percentage of events in
the pr bin. In the subplot, the number of events in each pp bin is shown as well as the total number
of events.
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Figure 137: Composition of p; in control region 2 as a function of py(p1). The final bin contains all
the events with pp > 45 GeV. The main plot shows the composition as the percentage of events in
the pr bin. In the subplot, the number of events in each pp bin is shown as well as the total number

of events.
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Figure 138: Composition of p;1 in control region 3 as a function of py(p1). The final bin contains all
the events with pp > 45 GeV. The main plot shows the composition as the percentage of events in
the pr bin. In the subplot, the number of events in each pp bin is shown as well as the total number
of events.
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Figure 139: Composition of p2 in control region 1 as a function of py(u2). The final bin contains all
the events with pp > 45 GeV. The main plot shows the composition as the percentage of events in
the pr bin. In the subplot, the number of events in each pp bin is shown as well as the total number
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Figure 140: Composition of p2 in control region 2 as a function of py(u2). The final bin contains all
the events with pp > 45 GeV. The main plot shows the composition as the percentage of events in
the pr bin. In the subplot, the number of events in each pp bin is shown as well as the total number

of events.
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Figure 141: Composition of p2 in control region 3 as a function of py(u2). The final bin contains all
the events with pp > 45 GeV. The main plot shows the composition as the percentage of events in
the pr bin. In the subplot, the number of events in each pp bin is shown as well as the total number

of events.
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Figure 142: Composition of e in control region 1 as a function of pr(e). The final bin contains all
the events with pp > 45 GeV. The main plot shows the composition as the percentage of events in
the pr bin. In the subplot, the number of events in each pp bin is shown as well as the total number

of events.
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Figure 143: Composition of e in control region 2 as a function of pr(e). The final bin contains all
the events with pp > 45 GeV. The main plot shows the composition as the percentage of events in
the pr bin. In the subplot, the number of events in each pp bin is shown as well as the total number

of events.
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Figure 144: Composition of e in control region 3 as a function of pr(e). The final bin contains all
the events with pp > 45 GeV. The main plot shows the composition as the percentage of events in
the pr bin. In the subplot, the number of events in each pp bin is shown as well as the total number

of events.

181



I Studies used in the systematic uncertainty estimates

In this section, studies are presented which are used to assign systematic uncertainties to the fake
factors applied in the data-driven model.

I.1 Ratio of data and estimated background in control region 1, 2 and

3

The data-driven background model is applied in control regions independent of the signal region.
The ratio between the number of data events and the estimated background is shown for different
distributions. Table [76] lists the figures included in this section.
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Figure 145: Control Region 1 - Inverted M (p1, 2, €) requirement. Distribution showing pr(e).
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Figure 147: Control Region 2 - Inverted b-jet veto. Distribution showing pr(e).
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Figure 148: Control Region 2 - Inverted b-jet veto. Distribution showing pr(u2).
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1.2 MC subtraction

The systematic uncertainty of the fake factors introduced by the MC subtraction is estimated in
Sec. [0} The result of this study is shown below. Table [77] shows the percentage difference between
the fake factors with and without a 15% scaling of the diboson samples.

Muon fake factor Electron fake factor
pr |do|/o(do) Nijets Diboson MC Diboson MC Diboson MC Diboson MC
bin bin bin +15% -15% +15% -15%

1 1 1 0.7£17.1 -0.7£17.3 0.1+£14.0 -0.1£14.0
2 1 1 2.8422.4 -2.84£23.7 0.2+17.4 -0.2£17.5
3 1 1 6.2+33.6 -6.2+£37.1 0.4£16.5 -0.4£16.6
4 1 1 9.14+33.1 -9.0£37.0 1.0+£12.4 -1.0£12.6
5 1 1 — — 3.24+15.2 -3.2£16.2
1 2 1 0.5+14.9 -0.5£15.1 0.1£17.8 -0.1£17.8
2 2 1 4.0£32.7 -4.0£35.4 0.3£22.9 -0.3£23.0
3 2 1 9.8+41.6 -9.74+50.0 0.5+£18.2 -0.5+18.4
4 2 1 9.6+28.2 -9.54+33.2 1.6+15.2 -1.6+15.7
5 2 1 — — 5.1£17.8 -5.0£19.7
1 1 2 0.24+19.2 -0.2£19.3 0.1£24.5 -0.1£24.6
2 1 2 0.8£35.2 -0.8435.8 0.2+34.6 -0.2£34.8
3 1 2 2.1+41.3 -2.1£42.9 0.4£16.5 -0.4£16.6
4 1 2 3.5+51.7 -3.5+£54.8 1.0+12.4 -1.0£12.6
5 1 2 — — 3.2+15.2 -3.2£16.2
1 2 2 0.5+14.9 -0.5£15.1 0.1£29.2 -0.1£29.2
2 2 2 1.0+46.9 -1.0£47.8 0.2433.6 -0.24£33.7
3 2 2 2.1£53.5 -2.1£55.6 0.5£18.2 -0.5£18.4
4 2 2 3.9£74.4 -3.9£79.4 1.6+15.2 -1.6£15.7
5 2 2 — — 5.1£17.8 -5.0£19.7

Table 77: The percentage difference between the electron and muon fake factors with and without
a scaling of the diboson prompt MC of 15% as defined in Eq. The fake factors are determined
for the signal region where the isolation for p2 is FixedCutLoose and the isolation for e is Gradient.
The fake factor bins applied are listed in Tab. @ and for the muon and electron fake factors
respectively.
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